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Selected  Analytical  Methods  for  Well  and  Aquifer  Evaluation 

by  William  C.  Walton 


Abstract 

The  practical  application  of  selected  analytical  methods  to  well  and  aquifer  evaluation  prob¬ 
lems  in  Illinois  is  described  in  this  report.  The  subject  matter  includes  formulas  and  methods  used 
to  quantitatively  appraise  the  geohydrologic  parameters  affecting  the  water-yield.ng  capacity  of 
wells  and  aquifers  and  formulas  and  methods  used  to  quantitatively  appraise  the  response  of  wells 
and  aquifers  to  heavy  pumping.  Numerous  illustrative  examples  of  analyses  based  on  actual  held 

data  are  presented.  . ,  ,  .  .  .  .  ,  c  _ 

The  aquifer  test  is  one  of  the  most  useful  tools  available  to  hydrologists.  Analysis  of  aquiter- 

test  data  to  determine  the  hydraulic  properties  of  aquifers  and  confining  beds  under  nonleaky 
artesian,  leaky  artesian,  water  table,  partial  penetration,  and  geohydrologic  boundary  conditions 
is  discussed  and  limitations  of  various  methods  of  analysis  are  reviewed.  Hydraulic  properties 
are  also  estimated  with  specific-capacity  data  and  maps  of  the  water  table  or  piezometric  surface. 
The  role  of  individual  units  of  multiunit  aquifers  is  appraised  by  statistical  analysis  of  specihc- 

P  The  influence  of  geohydrologic  boundaries  on  the  yields  of  wells  and  aquifers  is  determined 
by  means  of  the  image-well  theory.  The  image-well  theory  is  applied  to  multiple  boundary  condi¬ 
tions  by  taking  into  consideration  successive  reflections  on  the  boundaries. 

Several  methods  for  evaluating  recharge  rates  involving  flow-net  analysis  and  hydrologic 
and  ground-water  budgets  are  described  in  detail.  Well  loss  in  production  wells  is  appraised  wit 
step-drawdown  test  data,  and  well  screens  and  artificial  packs  are  designed  based  on  the  mechanical 
analysis  of  the  aquifer.  Optimum  well  spacings  are  estimated  taking  into  consideration  aquiter 
characteristics  and  economics. 

Emphasis  is  placed  on  the  quantitative  evaluation  of  the  practical  sustained  yields  of  wells 
and  aquifers  by  available  analytical  methods.  The  actual  ground-water  condition  is  simulated  by 
a  model  aquifer  having  straight-line  boundaries,  an  effective  width,  length,  and  thickness,  and 
sometimes  a  confining  bed  with  an  effective  thickness.  The  hydraulic  properties  of  the  model 
aquifer  and  its  confining  bed,  if  present,  the  image-well  theory,  and  appropriate  ground-water 
formulas  are  used  to  construct  a  mathematical  model  which  provides  a  means  of  evaluating  the 
performance  of  wells  and  aquifers.  Records  of  past  pumpage  and  water  levels  establish  the  validity 
of  this  mechanism  as  a  model  of  the  response  of  an  aquifer  to  heavy  pumping. 


introduction 

During  the  last  few  years  it  has  been  more  fully  realized 
that  refined  quantitative  answers  are  needed  concerning 
available  ground-water  resources  and  their  management. 
Utilization  of  aquifers  continues  to  accelerate  to  meet  the 
needs  of  irrigation,  industrial,  urban,  and  suburban  expan¬ 
sion.  As  ground-water  development  intensifies,  well  owners 
become  more  interested  in  the  response  of  aquifers  to  hea\  y 
pumping  whereas  initially  they  were  concerned  largely  with 
the  delineation  and  exploration  of  aquifers.  Competition  loi 
available  sources  has  brought  about  an  awareness  that  one 
of  the  principal  problems  confronting  hydrologists  is  resource 
management.  Before  ground-water  resources  can  be  man¬ 
aged  they  must  be  quantitatively  appraised. 

In  ever  increasing  numbers  engineers  and  geologists  arc 
being  called  upon  to  estimate  how  much  ground  water  is 


available  for  development  and  what  will  be  the  consequences 
of  exploitation.  Ground-water  users  are  continually  asking 
for  suggestions  as  to  how  available  resources  can  be  properly 
managed.  The  advice  of  hydrologists  concerning  proper  well 
design  is  often  sought. 

The  development  of  ground-water  resources  has  reached 
a  stage  wherein  it  is  highly  desirable  that  the  voluminous 
material  in  the  well  and  aquifer  evaluation  field  be  assem¬ 
bled  and  briefed  in  order  that  engineers  and  geologists 
actively  engaged  in  quantitative  studies  can  have  available 
a  ready  reference.  This  report  is  concerned  primarily  with 
a  brief  description  of  the  analytical  methods  presently  used 
by  the  Illinois  State  Water  Survey  in  evaluating  wells  and 
aquifers  and  supersedes  Report  of  Investigation  25.  I  he 
principles  set  forth  will  be  applicable,  with  slight  modifica- 
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tion,  to  many  parts  of  the  United  States  and  the  world.  This 
report  is  by  no  means  a  substitute  for  the  many  exhaustive 
treatises  on  ground-water  hydrology  but  rather  is  intended 
to  be  a  handbook  describing  formulas  and  methods  com¬ 
monly  used  by  hydrologists.  A  comprehensive  bibliography 
is  presented  containing  references  to  the  literature  germane 
to  ground-water  resource  evaluation  that  may  be  used  to 
expand  the  reader’s  understanding  of  subject  matter. 

The  formulas  and  analytical  methods  available  to  hydrol¬ 
ogists  are  almost  unlimited  in  number,  and  the  discussion  of 
all  of  them  would  necessitate  several  volumes  and  unwar¬ 
ranted  duplications.  A  selection  has  therefore  been  made  to 
include  formulas  and  analytical  methods  most  frequently 
applied  to  actual  field  problems  in  Illinois. 

The  derivations  and  proofs  of  formulas  have  been  elim¬ 


inated,  and  formulas  are  presented  in  their  developed  form. 
The  application  and  limitations  of  formulas  and  methods 
are  discussed  in  detail.  A  consistent  nomenclature  has  been 
adopted  with  clarity  and  general  usage  as  criteria. 

This  report  will  find  its  field  of  greatest  use  in  aiding  the 
systematic  appraisal  of  ground-water  resource  problems  by 
professional  and  practicing  engineers,  geologists,  and  well 
contractors.  The  subject  matter  has  been  arranged  in  three 
major  parts:  1 )  formulas  and  methods  used  to  quantitatively 
appraise  the  geologic  and  hydrologic  parameters  affecting 
the  water-yielding  capacity  of  wells  and  aquifers,  2)  formulas 
and  methods  used  to  quantitatively  appraise  the  response  of 
wells  and  aquifers  to  heavy  pumping,  and  3)  illustrative 
examples  of  analyses  based  on  actual  field  data  collected  by 
the  Illinois  State  Water  Survey. 
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Part  1.  Analysis  of  G  e  o  h  y  d  r  o  I  o  g  i  c  Parameters 


This  section  describes  methods  used  to  evaluate  hydraulic  properties  of  aquifers 
and  confining  beds,  the  influence  of  geohydrologic  boundaries  on  drawdowns  in  wells, 
and  recharge  to  aquifers.  Analyses  of  aquifer-test  data,  specific-capacity  data,  flow- 
net  data,  and  hydrologic  and  ground-water  budget  data  are  discussed. 


Hydraulic  Properties 

The  coefficients  of  permeability  or  transmissibility,  stor¬ 
age,  and  vertical  permeability  are  the  major  hydraulic 
properties  of  aquifers  and  confining  beds  upon  which  the 
foundation  of  quantitative  ground-water  studies  is  based. 

The  rate  of  flow  of  ground  water  in  response  to  a  given 
hydraulic  gradient  is  dependent  upon  the  permeability  of 
the  aquifer.  The  field  coefficient  of  permeability  P  is  defined 
as  the  rate  of  flow  of  water,  in  gallons  per  day,  through  a 
cross-sectional  area  of  1  square  foot  of  the  aquifer  under  a 
hydraulic  gradient  of  1  foot  per  foot  at  the  prevailing 
temperature  of  the  water.  A  related  term,  the  coefficient  of 
transmissibility  T,  indicates  the  capacity  of  an  aquifer  as  a 
whole  to  transmit  water  and  is  equal  to  the  coefficient  of 
permeability  multiplied  by  the  saturated  thickness  of  the 
aquifer  m,  in  feet.  The  coefficient  of  transmissibility  is 
defined  as  the  rate  of  flow  of  water,  in  gallons  per  day, 
through  a  vertical  strip  of  the  aquifer  1  foot  wide  and 
extending  the  full  saturated  thickness  under  a  hydraulic 
gradient  of  1  foot  per  foot  at  the  prevailing  temperature 
of  the  water. 

The  rate  of  vertical  leakage  of  ground  water  through  a 
confining  bed  in  response  to  a  given  vertical  hydraulic 
gradient  is  dependent  upon  the  vertical  permeability  of  the 
confining  bed.  The  field  coefficient  of  vertical  permeability 
P'  is  defined  as  the  rate  of  vertical  flow  of  water,  in  gallons 
per  day,  through  a  horizontal  cross-sectional  area  of  1 
square  foot  of  the  confining  bed  under  a  hydraulic  gradient 
of  1  foot  per  foot  at  the  prevailing  temperature  of  the 
water. 

The  storage  properties  of  an  aquifer  are  expressed  by 
its  coefficient  of  storage  S,  which  is  defined  as  the  volume 
of  water  the  aquifer  releases  from  or  takes  into  storage  per 
unit  surface  area  of  the  aquifer  per  unit  change  in  the 
component  of  head  normal  to  that  surface.  Under  artesian 
conditions,  when  the  piezometric  surface  is  lowered  by 
pumping,  water  is  derived  from  storage  by  the  compaction 
of  the  aquifer  and  its  associated  beds  and  by  expansion  of 
the  water  itself,  while  the  interstices  remain  saturated. 
Under  water-table  conditions,  when  the  water  table  is  low¬ 
ered  by  pumping,  ground  water  is  derived  from  storage 
mainly  by  the  gravity  drainage  of  the  interstices  in  the 
portion  of  the  aquifer  unwatcred  by  the  pumping. 


Under  artesian  conditions  and  for  granular  or  loosely 
cemented  aquifers  reasonably  free  from  clay  beds,  the  co¬ 
efficient  of  storage  is  a  function  of  the  elasticity  of  water 
and  the  aquifer  skeleton,  as  expressed  in  the  following  equa¬ 
tion  (see  Jacob,  1950)  : 

S  =  (pym/3/144)  [1  +  (<f>/PP)]  (1) 

where: 

S  =  coefficient  of  storage,  fraction 
p  =  porosity,  fraction 
m  =  saturated  thickness  of  aquifer,  in  ft 
f 3  =  reciprocal  of  the  bulk  modulus  of  elasticity  of 
water,  in  sq  in. /lb 

(j>  —  reciprocal  of  the  bulk  modulus  of  elasticity  of 
aquifer  skeleton,  in  sq  in. /lb 
y  =  specific  weight  of  water,  in  lb/cu  ft 
Recognizing  that  for  practical  purposes  y  =  62.4  lb/cu  ft 
and  (3  =  3.3xl0-r“  sq  in. /lb,  the  fraction  of  storage  attribut¬ 
able  to  expansibility  of  the  water  Sw  is  given  by  the  follow¬ 
ing  equation : 

Sw  =  1.4xl0~6  (pm)  (2) 

Aquifer  Tests 

The  hydraulic  properties  of  aquifers  and  confining  beds 
may  be  determined  by  means  of  aquifer  tests,  wherein  the 
effect  of  pumping  a  well  at  a  known  constant  rate  is  meas¬ 
ured  in  the  pumped  well  and  in  observation  wells  penetrat¬ 
ing  the  aquifer.  Graphs  of  drawdown  versus  time  after 
pumping  started,  and/or  of  drawdown  versus  distance  from 
the  pumped  well,  are  used  to  solve  formulas  which  express 
the  relation  between  the  hydraulic  properties  of  an  aquifer 
and  its  confining  bed,  if  present,  and  the  lowering  of  water 
levels  in  the  vicinity  of  a  pumped  well. 

Drawdown 

To  determine  drawdown,  the  water-level  trend  before 
pumping  started  is  extrapolated  through  the  pumping 
period,  and  differences  between  extrapolated  stages  of  the 
water  level  that  would  have  been  observed  if  the  well  had 
not  been  pumped  and  water  levels  measured  during  the 
pumping  ]>eriod  are  computed.  Drawdown  is  not  deter¬ 
mined  from  the  water  level  that  was  measured  just  prior  to 
the  start  of  the  aquifer  test,  before  water-level  data  are 
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used  to  determine  hydraulic  properties  they  must  be  ad¬ 
justed  for  any  pumping-rate  changes  in  nearby  production 
wells. 

Water  levels  in  wells  in  artesian  aquifers  are  affected  by 
fluctuations  in  atmospheric  pressure.  As  the  atmospheric 
pressure  increases  the  water  level  falls,  and  as  the  atmos¬ 
pheric  pressure  decreases  the  water  level  rises.  The  ratio  of 
the  change  in  water  level  in  a  well  to  the  change  in  at¬ 
mospheric  pressure  is  known  as  the  barometric  efficiency 
of  the  well  and  is  usually  expressed  as  a  percentage. 

Barometers  are  generally  calibrated  in  inches  of  mercury 
and  changes  in  atmospheric  pressure  must  be  converted 
from  inches  of  mercury  to  feet  of  water  before  the  baro¬ 
metric  efficiency  of  a  well  can  be  computed.  The  conversion 
is  readily  expressed  as: 

inches  of  mercury  x  1.13  =  feet  of  water 

Equations  for  the  barometric  efficiency  of  a  well  and  for 
the  change  in  water  level  in  response  to  an  atmospheric- 
pressure  change  are  as  follows: 

B.E.  =  {AW/AB)  100  (3) 

AW  =  [B.£.(AB)]/100  (4) 

where : 

B  E.  =  barometric  efficiency,  in  per  cent 

AW  =  change  in  water  level  resulting  from  a  change  in 
atmospheric  pressure,  in  ft 

A B  =  change  in  atmospheric  pressure,  in  ft  of  water 

Drawdown  data  must  be  adjusted  for  atmospheric-pres¬ 
sure  changes  before  they  are  used  to  determine  hydraulic 
properties.  Changes  in  the  time-rate  of  drawdown  due  to 
atmospheric-pressure  fluctuations  may  be  mistaken  for  evi¬ 
dence  of  geohydrologic  boundary  conditions.  A  time  inter¬ 
val  during  which  water  levels  are  not  affected  by  pumping 
changes  is  selected.  Barometer  readings,  converted  to  feet 
of  water,  are  inverted  and  plotted  on  plain  coordinate 
paper,  together  with  water-level  data  for  the  pumped  and 
observation  wells.  Prominent  barometric  fluctuations  are 
used  to  compare  changes  in  water  level  caused  by  changes 
in  atmospheric  pressure.  The  amount  of  rise  in  water  level 
as  a  result  of  a  decrease  in  atmospheric  pressure  and  the 
amount  of  decline  in  water  level  as  a  result  of  an  increase 
in  atmospheric  pressure  are  calculated.  The  barometric 
efficiency  can  then  be  computed  with  equation  3.  Draw¬ 
down  data  are  adjusted  for  atmospheric-pressure  changes 
occurring  during  an  aquifer  test  by  obtaining  a  record  of 
atmospheric-pressure  fluctuations  and  using  equation  4. 

Water  levels  in  wells  near  surface  bodies  of  water  are 
often  affected  by  surface-water  stage  fluctuations  either  be¬ 
cause  of  a  loading  effect  or  a  hydraulic  connection  between 
the  surface-water  body  and  the  aquifer.  As  the  surface- 
water  stage  rises  the  water  level  rises,  and  as  the  surface- 
water  stage  declines  the  water  level  falls.  The  ratio  of  the 
change  in  the  water  level  in  a  well  to  the  change  in  surface- 
water  stage  in  the  case  of  a  loading  effect  is  known  as  the 
tidal  efficiency,  and  the  ratio  of  the  change  in  the  water 
level  in  a  well  to  the  change  in  surface-water  stage  in  the 


case  where  a  hydraulic  connection  exists  between  the  sur¬ 
face-water  body  and  the  aquifer  is  known  as  the  river 
efficiency. 

Equations  for  the  tidal  and  river  efficiencies  of  a  well 
and  for  the  change  in  water  level  in  response  to  a  surface- 
water  stage  change  are  as  follows: 

T.E.  =  (AW  /  AR)  100  (5)  AfE  =  [7\£.(A/?)]/100  (6) 
R.E.=  (AW/AR)\00  (7)  AW  =  [R.E.(AR)]/100  (8) 

where: 

T.E.  =  tidal  efficiency,  in  per  cent 

R.E.  =  river  efficiency,  in  per  cent 
A  W  —  change  in  water  level  resulting  from  a  change 
in  surface-water  stage,  in  ft 
A R  =  change  in  surface-water  stage,  in  ft 

The  tidal  or  river  efficiency  can  be  computed  and  draw¬ 
down  data  can  be  adjusted  for  surface-water  stage  changes 
occurring  during  an  aquifer  test  by  obtaining  a  record  of 
surface-water  stage  fluctuations  during  the  test  and  using 
equations  5  and  6  or  7  and  8. 

The  application  or  the  removal  of  heavy  loads  in  the 
vicinity  of  some  artesian  wells  causes  changes  in  their 
water  levels.  Fluctuations  in  water  levels  (Roberts  and 
Romine,  1947)  sometimes  occur  when  railroad  trains  or 
trucks  pass  aquifer  test  sites.  Drawdown  data  must  be  ad¬ 
justed  for  these  changes  in  loading  before  they  are  used 
to  determine  the  hydraulic  properties  of  aquifers  and  con¬ 
fining  beds. 

Leaky  Artesian  Formula 

The  data  collected  during  aquifer  tests  may  be  analyzed 
by  means  of  the  leaky  artesian  formula  (Hantush  and 
Jacob,  1955a).  The  leaky  artesian  formula  may  be  writ¬ 
ten  as: 

5  =  (114.6Q/T)  W{u,r/B)  (9) 

where : 

u  =  2693r2S/Tt  (10) 

and 

r/B  =  r/y/T/  (P'/m')  (11) 

s  =  drawdown  in  observation  well,  in  ft 

r  =  distance  from  pumped  well  to  observation  well, 
in  ft 

Q  =  discharge,  in  gallons  per  minute  (gpm) 
t  =  time  after  pumping  started,  in  minutes  (min) 

T  =  coefficient  of  transmissibility,  in  gallons  per  day 
per  foot  (gpd/ft) 

S  =  coefficient  of  storage  of  aquifer,  fraction 

P'  =  coefficient  of  vertical  permeability  of  confining 
bed,  in  gallons  per  day  per  square  foot 
(gpd/sq  ft) 

m'  =  thickness  of  confining  bed  through  which  leakage 
occurs,  in  ft 

W(u,r/B)  is  read  as  the  “well  function  for  leaky  artesian 
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aquifers”  (Hantush,  1956)  and  is  defined  by  the  following 
iquation:  ^ 00 

W(u,r/B)  =J|i(l/u)exp  (— u  —  r2/4B2u) du 
>r,  evaluating  the  integral, 

W(u,r/B)  =  2 K,{r/B)  -  I.(r/B)  [-«(-£;)] 


+  («p(-?fej]  {  05772  +  +  t-£,(-U)1 

-  u  +  u[/.(r/B)  -1]/ 


— |  ( — l)*'f"(n — m  +  1 ) ! 
/  ,  (n  +  2)  !J 

n  =  l  m  =  1 


where : 

K0[r/B)  =  modified  Bessel  function  of  the  second  kind 
and  zero  order  and  I„(r/B)  =  modified  Bessel  function 
of  the  first  kind  and  zero  order. 

The  leaky  artesian  formula  was  developed  on  the  basis 
of  the  following  assumptions:  that  the  aquifer  is  infinite  in 
areal  extent  and  is  of  the  same  thickness  throughout,  that 
it  is  homogeneous  and  isotropic;  that  it  is  confined  between 
an  impermeable  bed  and  a  bed  through  which  leakage  can 
occur;  that  the  coefficient  of  storage  is  constant;  that  water 
is  released  from  storage  instantaneously  with  a  decline  in 
head;  that  the  well  has  an  infinitesimal  diameter  and  pene¬ 
trates  the  entire  thickness  of  the  formation;  that  leakage 
through  the  confining  bed  into  the  aquifer  is  vertical  and 
proportional  to  the  drawdown ;  that  the  hydraulic  head  in 
the  deposits  supplying  leakage  remains  more  or  less  uni¬ 
form;  that  the  flow  is  vertical  in  the  confining  bed  and 
horizontal  in  the  aquifer;  and  that  the  storage  in  the  con¬ 
fining  bed  is  neglected. 

In  cases  where  leakage  is  derived  in  part  by  the  reduction 
in  storage  in  the  confining  bed,  aquifer-test  data  can  be 
analyzed  with  formulas  derived  by  Hantush  (1960). 

The  leaky  artesian  formula  may  be  solved  by  the  follow¬ 
ing  method  (Walton,  1960a)  which  is  a  modification  of 
the  type  curve  graphical  method  devised  by  Theis  and 
described  by  Jacob  (1940).  Values  of  W(u,r/B)  in  terms 
of  the  practical  range  of  u  and  r/B  were  given  by  Hantush 
(1956)  and  are  presented  in  tabular  form  in  appendix  A 
of  this  report.  Values  of  W{u,r/B)  are  plotted  against 
values  of  1  fu  on  logarithmic  paper  and  a  family  of  leaky 
artesian  type  curves  is  constructed  as  shown  in  plate  1 . 
Values  of  s  plotted  on  logarithmic  paper  of  the  same  scale 
as  the  type  curves  against  values  of  t  describe  a  time-draw- 
down  field  data  curve  that  is  analogous  to  one  of  the  family 
of  leaky  artesian  type  curves. 

The  time-drawdown  field  data  curve  is  superposed  on  the 
family  of  leaky  artesian  type  curves,  keeping  the  W(u,r/B) 
axis  parallel  with  the  .t  axis  and  the  1/u  axis  parallel  with 
the  t  axis.  In  the  matched  position  a  point  at  the  intersec¬ 
tion  of  the  major  axes  of  the  leaky  artesian  type  curve  is 
selected  and  marked  on  the  time-drawdown  field  data  curve 
(the  point  also  may  be  selected  anywhere  on  the  type 
curve).  The  coordinates  of  this  common  point  (match 
point)  W(u,r/B),  1/u,  s,  and  t  are  substituted  into  equa¬ 


tions  9,  10,  and  11  to  determine  the  hydraulic  properties  of 
the  aquifer  and  confining  bed.  7  is  calculated  using  equa¬ 
tion  9  with  the  W{u,r/B)  and  r  coordinates.  S  is  determined 
using  equation  10,  the  calculated  value  of  T,  and  the  1/u 
and  t  coordinates  of  the  match  point.  The  coefficient  of 
storage  must  exceed  SIC  in  equation  2  or  the  analysis  is  in¬ 
correct.  The  value  of  r/B  used  to  construct  the  particular 
leaky  artesian  type  curve  found  to  be  analogous  to  the  time- 
drawdown  field  data  curve  is  substituted  in  equation  1 1  to 
determine  P' . 

Interpretations  of  aquifer-test  data  based  solely  on  time 
drawdown  graphs  are  weak.  Distance-drawdown  data  com¬ 
plement  time-drawdown  data,  and  the  hydraulic  properties 
of  the  aquifer  and  confining  bed  can  be  determined  fiom 
distance-drawdown  field  data  curves  (radial  profiles  of 
cones  of  depression).  Values  of  W (u,r / B)  are  plotted 
against  values  of  r/B  on  logarithmic  paper  and  a  family  of 
leaky  artesian  type  curves  is  constructed.  Values  of  s  plotted 
against  values  of  r  on  logarithmic  paper  of  the  same  scale 
as  the  type  curves  describe  a  distance-drawdown  field  data 
curve  that  is  analogous  to  one  of  the  family  of  leaky  artesian 
type  curves.  The  distance-drawdown  field  data  curve  is 
superposed  on  the  family  of  leaky  artesian  type  curves, 
keeping  the  W(u,r/B)  axis  parallel  with  the  *  axis  and  the 
r/B  axis  parallel  with  the  r  axis.  The  distance-drawdown 
field  data  curve  is  matched  to  one  of  the  family  of  leaky 
artesian  type  curves.  In  the  matched  position  a  point  at  the 
intersection  of  the  major  axes  of  the  leaky  artesian  type 
curve  is  selected  and  marked  on  the  distance-drawdown 
field  data  curve.  Match-point  coordinates  W(u,r/B),  r/B, 
s,  and  r  are  substituted  in  equations  9  and  1 1  to  determine 
the  coefficients  of  transmissibility  and  vertical  permeability. 
The  value  of  u/r2  used  to  construct  the  particular  leaky 
artesian  type  curve  found  to  be  analogous  to  the  distance- 
drawdown  field  data  curve  is  substituted  in  equation  10  to 
compute  S. 

Under  steady-state  leaky  artesian  conditions,  that  is  when 
time-drawdown  data  fall  on  the  flat  portions  of  the  family 
of  leaky  artesian  type  curves  indicating  that  discharge  is 
balanced  by  leakage,  the  cone  of  depression  is  described  by 
the  following  formula  (see  Jacob,  1946a)  : 

s  =  [229QK0(r/B)]/T  (12) 

where : 

r/B  =  r/y/T/(P'/m'~)  (13) 

s  =  drawdown  in  observation  well,  in  ft 
r  =  distance  from  pumped  well  to  observation 
well,  in  ft 

Q  =  discharge,  in  gpm 

T  =  coefficient  of  transmissibility,  in  gpd/ft 
P’  =  coefficient  of  vertical  permeability  of 
confining  bed,  in  gpd/sq  ft 
m'  =  thickness  of  confining  bed  through  which 
leakage  occurs,  in  ft 

K„(r/B)  —  modified  Bessel  function  of  the  second  kind 
and  zero  order 

Jacob  (1946a)  devised  the  following  graphical  method 
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for  determining  values  of  the  parameters  T  and  P'  under 
steady-state  leaky  artesian  conditions.  A  steady-state  leaky 
artesian  type  curve  is  prepared  by  plotting  values  of 
K„(r/B )  against  values  of  r/B  on  logarithmic  paper  as 
shown  in  plate  2.  Values  of  K„(r/B )  in  terms  of  the  prac¬ 
tical  range  of  r/B  are  given  in  appendix  B.  Aquifer-test 
data  collected  under  steady-state  conditions  are  plotted  on 
logarithmic  paper  of  the  same  scale  as  the  type  curve  with 
r  as  the  abscissa  and  v  as  the  ordinate  to  describe  a  distance- 
drawdown  field  data  curve.  A  match  of  the  two  curves  is 
obtained  by  superposing  the  distance-drawdown  field  data 
curve  over  the  steady-state  leaky  artesian  type  curve,  keep¬ 
ing  the  axes  of  the  two  graphs  parallel.  In  the  matched 
position  a  point  at  the  intersection  of  the  major  axes  of  the 
steady-state  leaky  artesian  type  curve  is  selected  and  marked 
on  the  distance-drawdown  field  data  curve.  Match-point 
coordinates  K„(r/B),  r/B,  s,  and  r  are  substituted  into 
equations  12  and  13  to  determine  T  and  P'.  The  coefficient 
of  storage  cannot  be  computed  by  use  of  the  steady-state 
leaky  artesian  type  curve  because,  under  such  conditions  of 
flow,  the  entire  yield  of  the  well  is  derived  from  leakage 
sources  only. 

Nonleaky  Artesian  Formula 

If  leakage  through  the  confining  bed  into  the  aquifer  is 
not  measurable  or  the  confining  bed  is  missing,  equation  9 
becomes 

(114.6Q/T)  W(u)  (14) 

where : 

W(u)  =J  r“/!idu  =  - 0.5772  —  In  u  +  u—  (u2/2.2\) 
+  (u3/ 3.3!)  —  (u4/4.4!)  .  .  . 

and 

u  =  2693  r2S/Tt  (15) 

r  =  drawdown  in  observation  well,  in  ft 
Q  =  discharge,  in  gpm 

T  =  coefficient  of  transmissibility,  in  gpd/ft 
r  =  distance  from  observation  well  to  pumped 
well,  in  ft 

S  =  coefficient  of  storage,  fraction 
t  =  time  after  pumping  started,  in  min 

Equation  14  is  the  nonequilibrium  formula  introduced 
by  Theis  (1935)  and  will  be  referred  to  hereafter  as  the 
nonleaky  artesian  formula.  W (u)  is  the  “well  function  for 
nonleaky  artesian  aquifers”  (see  Wenzel,  1942). 

If  leakage  is  not  measurable  during  the  aquifer  test  or 
the  confining  bed  is  missing,  the  time-drawdown  field  data 
curve  will  be  analogous  to  the  nonleaky  artesian  type  curve 
which  is  shown  in  plate  1  as  the  outside  curve  of  the  family 
of  leaky  artesian  type  curves.  The  time-drawdown  field  data 
curve  and  the  nonleaky  artesian  type  curve  are  matched 
and  match  point  coordinates  W(u),  \/u,  s,  and  t  are  sub¬ 
stituted  into  equations  14  and  15  to  determine  T  and  S. 

The  coefficients  of  transmissibility  and  storage  can  also 
be  computed  with  distance-drawdown  data  under  non- 
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leaky  artesian  conditions.  Values  of  W (u) ,  given  by  Wen¬ 
zel  (1942)  and  presented  in  tabular  form  in  appendix  C, 
were  plotted  against  values  of  u  on  logarithmic  paper  to 
obtain  the  nonleaky  artesian  type  curve  in  plate  3.  Values 
of  s  measured  at  the  same  time  in  several  wells  at  various 
distances  from  the  pumped  well  are  plotted  against  the 
squares  of  the  respective  distances  on  logarithmic  paper  of 
the  same  scale  as  the  type  curve  to  obtain  a  distance-draw¬ 
down  field  data  curve.  The  distance-drawdown  field  data 
curve  is  superposed  on  the  nonleaky  artesian  type  curve 
keeping  the  axes  of  the  two  graphs  parallel.  In  the  matched 
position  a  point  at  the  intersection  of  the  major  axes  of  the 
nonleaky  artesian  type  curve  is  selected  and  marked  on  the 
distance-drawdown  field  data  curve.  Match-point  coordi¬ 
nates  W {u) ,  u,  s,  and  r2  are  substituted  into  equations  14 
and  1 5  to  determine  T  and  S. 

Water-Table  Conditions 

The  methods  described  in  preceding  paragraphs  pertain 
to  leaky  artesian  and  nonleaky  artesian  conditions.  The 
nonleaky  artesian  formula  can  be  applied  to  the  results  of 
aquifer  tests  made  with  wells  in  water-table  aquifers  under 
certain  limiting  conditions.  The  nonleaky  artesian  formula 
was  developed  in  part  on  the  basis  of  the  following  assump¬ 
tions:  that  the  coefficient  of  storage  is  constant  and  that 
water  is  released  from  storage  instantaneously  with  a  de¬ 
cline  in  head.  Under  water-table  conditions,  water  is  de¬ 
rived  largely  from  storage  by  the  gravity  drainage  of  the 
interstices  in  the  portion  of  the  aquifer  unwatered  by  the 
pumping.  The  gravity  drainage  of  water  through  stratified 
sediments  is  not  immediate  and  the  nonsteady  flow  of  water 
towards  a  well  in  an  unconfined  aquifer  is  characterized  by 
slow  drainage  of  interstices.  Thus,  the  coefficient  of  storage 
varies  and  increases  at  a  diminishing  rate  with  the  time  of 
pumping.  The  important  effects  of  gravity  drainage  are  not 
considered  in  the  nonleaky  artesian  formula  and  that 
formula  does  not  describe  completely  the  drawdown  in 
wells  especially  during  short  periods  of  pumping.  With  long 
periods  of  pumping  the  effects  of  gravity  drainage  become 
small  and  time-drawdown  and  distance-drawdown  curves 
conform  closely  to  the  nonleaky  artesian  type  curve. 

According  to  Boulton  (1954a)  whether  or  not  the  non¬ 
leaky  artesian  formula  gives  a  good  approximation  of  the 
drawdown  in  a  well  under  water-table  conditions  depends 
on  the  distance  of  the  observation  well  from  the  pumped 
well  r,  the  hydraulic  properties  of  the  aquifer,  the  saturated 
thickness  of  the  aquifer  m,  and  a  dimensionless  “time  fac¬ 
tor.”  He  further  implies  that  the  nonleaky  artesian  formula 
describes  the  drawdown  in  wells  with  sufficient  accuracy  for 
practical  purposes  when  the  time  factor  is  greater  than  5 
and  r  is  between  about  0.2  m  and  6  m.  By  substituting  a 
numerical  value  equal  to  5  for  Boulton’s  time  factor,  the 
following  equation  can  be  derived: 

twt  =  37  ASym/P  (16) 

where: 

twt  =  approximate  time  after  pumping  starts  when  the 


application  of  the  nonleaky  artesian  formula  to 
the  results  of  aquifer  tests  under  water-table  con¬ 
ditions  is  justified,  in  days 
Su  =  specific  yield,  fraction 
P  =  coefficient  of  permeability,  in  gpd/sq  ft 
m.  =  saturated  thickness  of  aquifer,  in  ft 

The  above  equation  is  not  valid  when  r  is  less  than  about 
0.2  m  or  greater  than  about  6  m.  For  observation  wells  at 
great  distances  from  the  pumped  well,  twt  must  be  some¬ 
thing  greater  than  that  given  by  equation  16  before  the 
nonleaky  artesian  formula  can  be  applied  to  aquifer-test 
data.  It  is  evident  that  t,rt  is  small  if  an  aquifer  is  thin  and 
very  permeable.  For  example,  twt  is  about  1  hour  if  an 
observation  well  is  close  to  a  pumped  well  and  penetrates 
an  aquifer  30  feet  thick  with  a  coefficient  of  permeability  of 
5000  gpd/sq  ft.  In  contrast,  substituting  the  data  for  a 
thick  aquifer  of  low  permeability  ( m  =  200  feet  and  P  = 
1000  gpd/sq  ft)  in  equation  16  results  in  a  twt  of  about  1.5 
days. 

Gravity  drainage  of  interstices  decreases  the  saturated 
thickness  and  therefore  the  coefficient  of  transmissibility  of 
the  aquifer.  Under  water-table  conditions,  observed  values 
of  drawdown  must  be  compensated  for  the  decrease  in 
saturated  thickness  before  the  data  can  be  used  to  determine 
the  hydraulic  properties  of  the  aquifer.  The  following  equa¬ 
tion  derived  by  Jacob  (1944)  is  used  to  adjust  drawdown 
data  for  decrease  in  the  coefficient  of  transmissibility: 

s'  =  s —  (s2/2m)  (17) 

where : 

s'  —  drawdown  that  would  occur  in  an  equivalent 
nonleaky  artesian  aquifer,  in  ft 
s  —  observed  drawdown  under  water-table  conditions, 
in  ft 

m  =  initial  saturated  thickness  of  aquifer,  in  ft 

Under  water-table  conditions  values  of  drawdown  ad¬ 
justed  for  decreases  in  saturated  thickness  are  plotted 
against  the  logarithms  of  values  of  t  to  describe  a  time- 
drawdown  field  data  curve.  The  time-drawdown  field  data 
curve  is  superposed  on  the  nonleaky  artesian  type  curve, 
keeping  the  axes  of  the  two  curves  parallel.  The  time-draw- 
down  field  data  curve  is  matched  to  the  nonleaky  artesian 
type  curve.  Emphasis  is  placed  on  late  time-drawdown  data 
(usually  after  several  minutes  or  hours  of  pumping)  because 
early  time-drawdown  data  are  affected  by  gravity  drainage. 
Match-point  coordinates  W {u) ,  1  / u ,  s,  and  t  are  substituted 
into  equations  14  and  15  to  determine  T  and  S.  After  tenta¬ 
tive  values  of  T  and  S  have  been  calculated,  twt  is  com¬ 
puted  from  equation  16.  The  time  tw,  is  compared  with  the 
early  portion  of  data  ignored  in  matching  curves.  If  the 
type  curve  is  matched  to  drawdown  data  for  values  of  time 
equal  to  and  greater  than  t,„t  then  the  solution  is  judged  to 
be  valid.  If  the  type  curve  is  matched  to  drawdown  data 
for  values  of  time  earlier  than  twt  then  the  solution  is  not 
correct  and  the  time-drawdown  field  data  curve  is  re¬ 


matched  to  the  nonleaky  artesian  type  curve  and  the  pro¬ 
cedures  mentioned  earlier  are  repeated  until  a  valid  solu¬ 
tion  is  obtained. 

Gravity  drainage  is  far  from  complete  during  the  average 
period  (8  to  24  hours)  of  aquifer  tests;  therefore,  the  co¬ 
efficient  of  storage  computed  with  data  collected  under 
water-table  conditions  will  generally  be  less  than  the  specific 
yield  of  the  aquifer  and  it  cannot  be  used  to  predict  long¬ 
term  effects  of  pumping.  It  should  be  recognized  that  the 
coefficient  of  storage  computed  from  test  results  applies 
largely  to  the  part  of  the  aquifer  unwatered  by  pumping 
and  it  may  not  be  representative  of  the  aquifer  at  lower 
depths. 

Partial  Penetration 

Production  and  observation  wells  often  do  not  completely 
penetrate  aquifers.  The  partial  penetration  of  a  pumping 
well  influences  the  distribution  of  head  in  its  vicinity,  affect¬ 
ing  the  drawdowns  in  nearby  observation  wells.  The  ap¬ 
proximate  distance  rpp  from  the  pumped  well  beyond  which 
the  effects  of  partial  penetration  are  negligible  is  given  by 
the  following  equation  (see  Butler,  1957)  : 

rw  =  2mVK/n  (18) 

where : 

m  =  saturated  thickness  of  aquifer,  in  ft 
Ph  —  horizontal  permeability  of  aquifer,  in  gpd/sq  ft 
Pv  =  vertical  permeability  of  aquifer,  in  gpd/sq  ft 
According  to  Hantush  (1961),  the  effects  of  partial  pene¬ 
tration  closely  resemble  the  effects  of  leakage  through  a 
confining  bed,  the  effects  of  a  recharge  boundary,  the  effects 
of  a  sloping  water-table  aquifer,  and  the  effects  of  an 
aquifer  of  nonuniform  thickness.  He  outlines  methods  for 
analysis  of  time-drawdown  data  affected  by  partial  penetra¬ 
tion  under  nonsteady  state,  nonleaky  artesian  conditions. 

In  many  cases  distance-drawdown  data  can  be  adjusted 
for  partial  penetration  according  to  methods  described  by 
Butler  (1957).  If  the  pumped  well  only  partially  pene¬ 
trates  an  aquifer,  the  cone  of  depression  is  distorted  and 
observed  drawdowns  in  observation  wells  differ  from  theo¬ 
retical  drawdowns  for  a  fully  penetrating  well  according 
to  the  vertical  position  of  the  observation  well.  If  the 
pumped  and  observation  wells  are  both  open  in  either  the 
top  or  the  bottom  portion  of  the  aquifer,  the  observed 
drawdown  in  the  observation  well  is  greater  than  for  fully 
penetrating  conditions.  If  the  pumped  well  is  open  to  the 
top  of  the  aquifer  and  the  observation  well  is  open  to  the 
bottom  of  the  aquifer,  or  vice  versa,  the  observed  draw¬ 
down  in  the  observation  well  is  smaller  than  for  fully  pene¬ 
trating  conditions. 

In  the  case  where  both  the  pumped  and  observation  wells 
are  open  in  the  same  zone  of  the  aquifer,  the  following 
equation  (see  Butler,  1957)  can  be  used  to  adjust  observed 
drawdowns  in  observation  wells  for  the  effects  of  partial 
penetration : 

S  C/ppSpp 


(19) 
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where : 

s  =  drawdown  in  observation  well  for  fully 
penetrating  conditions,  in  ft 
Cp0  =  partial  penetration  constant  for  observation 
well,  fraction 

spp  =  observed  drawdown  for  partial  penetrating 
conditions,  in  ft 

Table  1.  Values  of  partial  penetration 
constant  for  observation  well 


a 


0.3 

(15 

07 

/m  V  PJPf, 

Values  of  Cp0 

for  rjm  =  3 

0.318 

0.621 

0.768 

0.882 

0.40 

0.716 

0.817 

0.905 

0.50 

0.792 

0.860 

0.927 

0.60 

0.848 

0.897 

0.943 

0.80 

0.918 

0.941 

0.966 

1.00 

0.954 

0.967 

0.980 

1.40 

0.984 

0.988 

0.993 

2.23 

0.998 

0.999 

0.999 

Values  of  Cp0 

for  rjm  =  5 

0.318 

0.691 

0.811 

0.904 

0.40 

0.774 

0.854 

0.925 

0.50 

0.837 

0.891 

0.943 

0.60 

0.884 

0.921 

0.957 

0.80 

0.940 

0.957 

0.975 

1.00 

0.969 

0.976 

0.986 

1.40 

0.991 

0.993 

0.996 

2.23 

0.999 

0.999 

1.000 

Values  of  Cp0 

for  rjm  -  10 

0.318 

0.753 

0.848 

0.923 

0.40 

0.823 

0.884 

0.941 

0.50 

0.874 

0.917 

0.956 

0.60 

0.913 

0.940 

0.968 

0.80 

0.957 

0.968 

0.983 

1.00 

0.978 

0.983 

0.989 

1.40 

0.993 

0.994 

0.998 

2.23 

0.999 

0.999 

1.000 

Values  of  Cp0 

for  rjm  =  100 

0.318 

0.853 

0.909 

0.954 

0.40 

0.897 

0.933 

0.966 

0.50 

0.929 

0.953 

0.976 

0.60 

0.953 

0.968 

0.983 

0.80 

0.978 

0.984 

0.990 

1.00 

0.990 

0.993 

0.996 

1.40 

0.997 

0.998 

0.999 

2.23 

1.000 

1.000 

1.000 

From  Butler  (1957);  adapted  from  Jacob  (1945) 


Values  of  Cpo  can  be  obtained  from  table  1.  In  table  1, 
r  =  distance  from  pumped  well  to  observation  well,  in  feet; 
m  =  saturated  thickness  of  aquifer,  in  feet;  a  =  fractional 
penetration;  Ph  =  horizontal  permeability  of  aquifer,  in 
gpd/sq  ft;  Pv  =  vertical  permeability  of  aquifer,  in  gpd/sq 
ft;  and  re  =  virtual  radius  of  cone  of  depression,  assumed 
to  be  10,000  feet  for  artesian  conditions  and  1000  feet  for 
water-table  conditions. 

In  the  case  where  the  pumped  well  penetrates  the  top  of 
the  aquifer  and  the  observation  well  penetrates  the  bottom 
of  the  aquifer,  or  vice  versa,  the  following  equation  (see 


Butler,  1957)  can  be  used  to  adjust  observed  drawdowns 
for  the  effects  of  partial  penetration : 

s=[Cpo/{2Cpo—\)]spp  (20) 

The  following  equation  (see  Butler,  1957)  can  be  used  to 
adjust  the  observed  drawdown  in  a  pumped  well  for  the 
effects  of  partial  penetration: 

s  —  Cppspp  (21) 

where : 

s  =  drawdown  for  pumped  well  for  fully  penetrating 
conditions,  in  ft 

Cpp  =  partial  penetration  constant  for  pumped  well, 
fraction 

spp  =  observed  drawdown  for  partial  penetration 
conditions,  in  ft 

Table  2.  Values  of  partial  penetration 
constant  for  pumped  well 


a 


0.2 

0.3 

0.5 

0.7 

rw/m  V  PJPf, 

Values  of  Cpp 

0.0000 

0.200 

0.300 

0.500 

0.700 

0.0001 

0.221 

0.324 

0.525 

0.719 

0.0003 

0.236 

0.342 

0.543 

0.732 

0.0010 

0.266 

0.376 

0.578 

0.759 

0.002 

0.294 

0.408 

0.611 

0.783 

0.003 

0.315 

0.432 

0.636 

0.803 

0.006 

0.363 

0.487 

0.642 

0.846 

0.010 

0.410 

0.541 

0.748 

0.888 

From  Butler  (1957); 

based  on 

equation  derived  by 

Kozeny  (1933) 

Values  of  Cpp  are  given  in  table  2  where  rw  =  nominal 
radius  of  well,  in  feet. 

Equations  19  through  21  assume  steady-state  conditions 
which  are  not  always  attained  during  actual  periods  of 
aquifer  tests.  Tests  one  day  or  more  in  duration  are  general¬ 
ly  long  enough  to  establish  steady-state  flow  in  the  vicinity 
of  the  pumped  well  and  observation  wells  within  the  area 
affected  by  partial  penetration.  Equations  19  through  21 
give  fair  results  even  though  steady-state  conditions  are  not 
attained  especially  when  the  aquifer  penetrated  is  of  small 
and  known  thickness.  At  best,  adjustments  for  partial  pene¬ 
tration  by  any  method  can  be  considered  only  approximate 
because  the  ratio  Pv/Ph  is  never  precisely  known. 

To  determine  the  hydraulic  properties  of  an  aquifer  with 
aquifer-test  data  affected  by  partial  penetration,  drawdowns 
computed  with  equation  19  or  20  are  plotted  against  the 
squares  of  the  respective  distances  to  obtain  a  distance- 
drawdown  field  data  curve.  The  distance-drawdown  field 
data  curve  is  superposed  on  the  appropriate  type  curve 
(either  plate  2  or  3).  The  two  curves  are  matched  and 
match-point  coordinates  are  substituted  into  appropriate 
equations  for  computation  of  the  hydraulic  properties  of 
the  aquifer  and  confining  bed,  if  present. 

Modified  Nonleaky  Artesian  Formula 

Jacob  (1946b)  recognized  that  when  u  becomes  small 
(less  than,  say,  0.01)  the  sum  of  the  terms  in  W (u)  be- 
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yond  In  u  becomes  insignificant.  When  the  pumping  period 
becomes  large  or  when  the  distance  r  is  small,  values  of  u 
will  be  small. 

When  u  ^  0.01 

then  W  (w)  =  ( — 0.5772  —  lnu) 
and  s  =  (114.6Q/r)  (—0.5772  —  lnu)  (22) 

Equation  22  is  the  modified  nonleaky  artesian  formula 
and  can  be  solved  graphically  (Cooper  and  Jacob,  1946). 
Drawdowns  in  an  observation  or  pumped  well  are  adjusted, 
if  needed,  for  effects  of  atmospheric-pressure  changes,  sur¬ 
face-water  stage  changes,  dewatering,  and  partial  penetra¬ 
tion.  Values  of  adjusted  drawdown  are  plotted  against  the 
logarithms  of  time  after  pumping  started  on  semilogarithmic 
paper.  The  time-drawdown  field  data  graph  will  yield  a 
straight-line  graph  in  the  region  where  u  5=  0.01.  The 
straight-line  portion  of  the  time-drawdown  field  data  graph 
is  extrapolated  to  its  intersection  with  the  zero-drawdown 
axis.  The  slope  of  the  straight  line  is  used  to  determine  the 
coefficient  of  the  transmissibility,  and  the  zero-drawdown 
intercept  is  used  to  calculate  the  coefficient  of  storage. 
Expressions  for  the  computations  are : 

T  =  264Q/A  ^  (23) 

S  =  Tto/4790r*  (24) 

where : 

T  —  coefficient  of  transmissibility,  in  gpd/ft 
S  =  coefficient  of  storage,  fraction 
Q  =  discharge,  in  gpm 

As  =  drawdown  difference  per  log  cycle,  in  ft 
r  =  distance  from  pumped  well  to  observation  well, 
in  ft 

t0  =  intersection  of  straight-line  slope  with  zero- 
drawdown  axis,  in  min 

The  coefficient  of  storage  cannot  be  determined  with  any 
degree  of  accuracy  from  data  for  the  pumped  well  because 
the  effective  radius  of  the  pumped  well  is  seldom  known 
and  drawdowns  in  the  pumped  well  are  often  affected  by 
well  losses  which  cannot  be  determined  precisely. 

Drawdowns  observed  at  the  end  of  a  particular  pump¬ 
ing  period  in  two  or  more  observation  wells  at  different 
distances  from  the  pumped  well  can  be  plotted  against  the 
logarithms  of  the  respective  distances  on  semilogarithmic 
paper.  The  distance-drawdown  field  data  graph  will  yield 
a  straight-line  graph  in  the  region  where  u  ^  0.01.  The 
straight-line  portion  of  the  distance-drawdown  graph  is 
extrapolated  to  its  intersection  with  the  zero-drawdown 
axis.  The  slope  of  the  straight  line  is  used  to  determine  the 
coefficient  of  transmissibility,  and  the  zero-drawdown  inter¬ 
cept  is  used  to  calculate  the  coefficient  of  storage.  Expres¬ 
sions  for  the  computations  are: 

T  =  528Q/Aj  (25) 

S  =  7’//4790roz  (26) 

where : 

T  =  coefficient  of  transmissibility,  in  gpd/ft 
S  =  coefficient  of  storage,  fraction 
Q  =  discharge,  in  gpm 


As  =  drawdown  difference  per  log  cycle,  in  ft 
r„  =  intersection  of  straight-line  slope  with  zero- 
drawdown  axis,  in  ft 
t  =  time  after  pumping  started,  in  min 
The  straight-line  method  based  on  the  modified  nonleaky 
artesian  formula  is  popular  largely  because  of  its  simplicity 
of  application  and  interpretation;  however,  as  pointed  out 
by  Cooper  and  Jacob  ( 1946) ,  “the  method  is  not  applicable 
in  some  cases  and  it  supplements,  rather  than  supersedes, 
the  type  curve  method.”  They  state  further,  “the  method 
is  designed  especially  for  artesian  conditions,  but  it  may  be 
applied  successfully  to  tests  of  non-artesian  aquifers  under 
favorable  circumstances.” 

The  straight-line  method  is  based  on  the  fact  that  when 
u  becomes  small  a  plot  of  drawdown  against  the  logarithm 
of  time  after  pumping  started  or  distance  from  the  pumped 
well  describes  a  straight  line.  A  semilogarithmic  graph  of 
values  of  W (u)  and  u  does  not  describe  a  straight  line 
until  u  fS  0.01.  Deviation  from  a  straight  line  becomes 
appreciable  when  u  exceeds  about  0.02.  Therefore,  a  plot 
of  drawdown  against  the  logarithm  of  time  after  pumping, 
started  or  the  logarithm  of  distance  from  the  pumped  well 
cannot  describe  a  straight  line  until  u  becomes  small  (say 
less  than  0.02) . 

Scattered  drawdown  data  are  often  interpreted  as  describ¬ 
ing  a  straight  line  when  actually  they  plot  as  a  gentle  curve. 
After  tentative  values  of  T  and  S  have  been  calculated,  the 
region  of  the  data  where  u  5=  0.02  should  be  calculated 
and  compared  with  the  region  of  data  through  which  the 
straight  line  was  drawn.  The  time  that  must  elapse  before 
the  straight-line  method  can  be  applied  to  aquifer  test  data 
is  readily  determined  from  the  following  equation: 

tsl  =  1.35xlOV2^/T  (27) 

where : 

t„i  =  time  after  pumping  starts  before  a  semilog  time- 
drawdown  or  distance-drawdown  plot  will  yield  a 
straight-line  graph,  in  min 
r  =  distance  from  pumped  well  to  observation  well, 
in  ft 

T  =  coefficient  of  transmissibility,  in  gpd/ft 
S  =  coefficient  of  storage,  fraction 
Inserting  the  data  for  an  artesian  aquifer  ( S  =  0.0001, 
T  =  17,000  gpd/ft,  and  r  =  100  feet)  in  equation  27  re¬ 
sults  in  a  t„i  of  about  8  minutes.  In  contrast,  <*/  is  about  2 
days  for  a  water-table  aquifer  (S  =  0.2,  T  =  100,000  gpd/ 
ft,  and  r  =  100  feet) .  Although  the  values  of  t,i  given  above 
apply  only  to  the  particular  assumptions  made,  they  do 
point  out  that  the  straight-line  method  should  be  used  with 
caution  particularly  in  the  water-table  aquifer  situation. 

The  determination  of  the  storage  coefficient  by  the 
straight-line  method  may  involve  appreciable  error.  The 
zero-drawdown  intercept  is  poorly  defined  where  the  slope 
of  the  semilog  plot  is  small.  Intercepts  often  occur  at  points 
where  the  values  of  time  are  very  small  and  minor  devia¬ 
tions  in  extrapolating  the  straight  line  will  result  in  large 
variations  in  computed  values  of  the  coefficient  of  storage. 
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Leaky  Artesian  Constant-Drawdown  Formula 

In  the  usual  aquifer  test  the  discharge  rate  of  the  pumped 
well  is  held  constant  and  the  drawdown  varies  with  time. 
Hantush  (1959b)  derived  an  equation  for  determining  the 
hydraulic  properties  of  an  aquifer  and  confining  bed  from 
an  aquifer  test  in  which  the  discharge  varies  with  time  and 
the  drawdown  remains  constant.  The  formula  describing 
leaky  artesian  constant-drawdown  variable  discharge  condi¬ 
tions  may  be  written  as: 

slB  =  229QI[G{X,rw/B)T}  (28) 

A  =  9.29x1 0-r‘Tt/rw2S  (29) 

rw/B  =  rw/y/T/(P'/m')  (30) 

where : 

G(X,ra/B)  =  (rw/B)[K1(ru>/B)/K0(rto/B)] 

+  (4/V)exp[ — A  (rw/B)2] 

00 

f  u  exp  ( — Xu2)  du 

I  Jo2(u)  +  Y„2(u)  u2  +  ( rw/B )- 


u  =  r((,yi/exP  ( iir )  B2 
T  =  coefficient  of  transmissibility,  in  gpd/ft 
S  =  coefficient  of  storage,  fraction 
Q  =  discharge,  in  gpm 
rw  =  nominal  radius  of  pumped  well,  in  ft 
sw  =  drawdown  in  pumped  well,  in  ft 
t  =  time  after  discharge  started,  in  min 
P'  =  coefficient  of  vertical  permeability  of 
confining  bed,  in  gpd/sq  ft 
m'  =  thickness  of  confining  bed  through  which 
leakage  occurs,  in  ft 

Ki(rw/B)  =  first-order  modified  Bessel  function  of  the 
second  kind 

K0(rw/B)  —  zero-order  modified  Bessel  function  of  the 
second  kind 

J„{u)  =  zero-order  Bessel  function  of  the  first  kind 
Y„(u)  =  zero-order  Bessel  function  of  the  second 
kind 

The  equation  is  based  on  the  same  assumptions  as  those 
for  the  leaky  artesian  equation  except  that  the  drawdown 
is  constant  and  the  discharge  is  variable.  G(X,rw/B)  is  the 
“well[  function  for  leaky  artesian  aquifers  and  constant 
drawdown.” 

Hantush  (1959b)  gave  values  of  G(X,rw/B)  in  the  prac¬ 
tical  range  of  A  and  r/B.  Values  of  G(X,rw/B)  given  in 
appendix  D  were  plotted  against  values  of  A  on  logarithmic 
paper  and  a  family  of  leaky  artesian  constant-drawdown 
type  curves  was  constructed  as  shown  in  plate  4.  Values  of 
discharge  plotted  against  values  of  time  on  logarithmic 
paper  of  the  same  scale  as  the  type  curves  describe  a  time- 
discharge  field  data  curve  that  is  analogous  to  one  of  the 
family  of  type  curves. 

The  time-discharge  field  data  curve  is  superposed  on  the 


family  of  type  curves,  keeping  the  G{X,rw/B)  axis  parallel 
with  the  Q  axis  and  the  A  axis  parallel  with  the  t  axis.  The 
time-discharge  field  data  curve  is  matched  to  one  of  the 
type  curves  and  a  point  at  the  intersection  of  the  major 
axes  of  the  type  curve  is  selected  and  marked  on  the  time- 
discharge  field  data  curve.  The  coordinates  of  the  match 
point  G(X,r,0/B) ,  A,  Q,  and  t  are  substituted  in  equations 
28  and  29  to  determine  T  and  S.  T  is  calculated  using  equa¬ 
tion  28  with  the  G{X,rw/B)  and  Q  match-point  coordinates. 
S  is  determined  using  equation  29,  the  calculated  value  to 
T ,  and  the  A  and  t  coordinates  of  the  match  point.  The 
value  of  r/B  used  to  construct  the  particular  type  curve 
found  to  be  analogous  to  the  time-discharge  field  data  curve 
is  substituted  in  equation  30  to  compute  P' . 


Nonleaky  Artesian  Drain  Formula 


In  1938  Theis  (in  Wenzel  and  Sand,  1942)  developed  a 
formula  for  determining  the  hydraulic  properties  of  a  non¬ 
leaky  artesian  aquifer  with  data  on  the  decline  in  artesian 
head  at  any  distance  from  a  drain  discharging  water  at  a 
uniform  rate.  The  formula  is  based  on  most  of  the  assump¬ 
tions  used  to  derive  the  nonleaky  artesian  formula.  In  addi¬ 
tion,  it  is  assumed  that  the  drain  completely  penetrates  the 
aquifer  and  discharges  water  at  a  constant  rate.  The  drain 
formula  may  be  written  (Knowles,  1955)  as: 


J  =  {120QhXIT)D{u)q  (31) 


where : 
D{u)q 


[(<ru  /uy/ir)  —  1  +  (2/Vtt)] 


X/2  i /Tt/S 
2 

e~ u  du 

* 

O 


and 

u2  =  2693 X2S/Tt  (32) 

s  =  drawdown  at  any  point  in  the  vicinity  of  the 
drain,  in  ft 

Qh  =  constant  discharge  (base  flow)  of  the  drain,  in 
gpm  per  lineal  foot  of  drain 
X  =  distance  from  drain  to  point  of  observation, 
in  ft 

t  —  time  after  drain  started  discharging,  in  min 
T  =  coefficient  of  transmissibility,  in  gpd/ft 
5  =  coefficient  of  storage,  fraction 


Knowles  (1955)  gave  values  of  D(u)q  for  the  practical 
range  of  values  for  u  (see  appendix  E).  The  nonleaky  arte¬ 
sian  drain  type  curve  in  figure  1  was  constructed  by  plotting 
values  of  1/u2  against  values  of  D(u)q  on  logarithmic  graph 
paper.  D(u)q  is  read  as  the  “drain  function  for  nonleaky 
artesian  aquifers.” 

Values  of  drawdown  are  plotted  versus  values  of  time  on 
logarithmic  paper  having  the  same  log  scale  as  that  used  to 
construct  the  nonleaky  artesian  drain  type  curve.  The  time- 
drawdown  field  data  curve  is  superposed  over  the  nonleaky 
artesian  drain  type  curve,  the  two  curves  are  matched,  and 
a  match  point  is  selected.  The  coordinates  of  the  match 
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Figure  I.  Nonleaky  artesian  drain  type  curve 


point  D(u)q,  \/u2,  s,  and  t  are  substituted  into  equations  31 
and  32  for  computation  of  T  and  S. 

Specific-Capacity  Data 

In  many  cases,  especially  in  reconnaissance  ground-water 
investigations,  the  hydraulic  properties  of  an  aquifer  must 
be  estimated  based  on  well-log,  water-level,  and  specific- 
capacity  data.  High  specific  capacities  generally  indicate  a 
high  coefficient  of  transmissibility,  and  low  specific  capaci¬ 
ties  generally  indicate  low  coefficients  of  transmissibility. 

The  specific  capacity  of  a  well  cannot  be  an  exact  cri¬ 
terion  of  the  coefficient  of  transmissibility  because  specific 
capacity  is  often  affected  by  partial  penetration,  well  loss, 
and  geohydrologic  boundaries.  In  most  cases  these  factors 
adversely  affect  specific  capacity  and  the  actual  coefficient 
of  transmissibility  is  greater  than  the  coefficient  of  trans¬ 
missibility  computed  from  specific-capacity  data.  Because 
of  the  usefulness  of  rough  estimates  of  T ,  an  examination  of 
the  relation  between  the  coefficient  of  transmissibility  and 
specific  capacity  is  useful. 

The  theoretical  specific  capacity  of  a  well  discharging 
at  a  constant  rate  in  a  homogeneous,  isotropic,  nonleaky 
artesian  aquifer  infinite  in  areal  extent  is  from  the  modified 
nonleaky  artesian  formula  given  by  the  following  equation: 
Q/s  =  T/[264  log  (Tt /2693rw2S)  —  65.5]  (33) 

where  : 

Q/s  =  specific  capacity,  in  gpm/ft 
Q  =  discharge  in  gpm 
s  =  drawdown,  in  ft 

T  =  coefficient  of  transmissibility,  ingpd/ft 
S  =  coefficient  of  storage,  fraction 
rw  =  nominal  radius  of  well,  in  ft 
t  =  time  after  pumping  started,  in  min 
The  equation  assumes  that:  1)  the  well  penetrates  and  is 
uncased  through  the  total  saturated  thickness  of  the  aquifer, 
2)  well  loss  is  negligible,  and  3)  the  effective  radius  of  the 
well  has  not  been  affected  by  the  drilling  and  development 
of  the  well  and  is  equal  to  the  nominal  radius  of  the  well. 

The  coefficient  of  storage  of  an  aquifer  can  usually  be 
estimated  with  well-log  and  water-level  data.  Because  spe¬ 
cific  capacity  varies  with  the  logarithm  of  1/.SV,  large  errors 
in  estimated  coefficients  of  storage  result  in  comparatively 
small  errors  in  coefficients  of  transmissibility  estimated  with 
specific-capacity  data. 

The  relationships  between  the  specific  capacity  and  the 
coefficient  of  transmissibility  for  artesian  and  water-table 
conditions  are  shown  in  figures  2  through  7.  Pumping 
periods  of  2  minutes,  10  minutes,  60  minutes,  8  hours,  24 
hours,  and  180  days;  a  radius  of  6  inches;  and  storage  co¬ 
efficients  of  0.0001  and  0.02  were  assumed  in  constructing 
the  graphs.  These  graphs  may  be  used  to  obtain  rough  esti¬ 
mates  of  the  coefficients  of  transmissibility  from  specific- 
capacity  data.  The  coefficient  of  storage  is  estimated  from 
well-log  and  water-level  data,  and  a  line  based  on  the 
estimated  £  is  drawn  parallel  to  the  lines  on  one  of  figures 


Figure  2.  Graphs  of  specific  capacity  versus  coefficient  of 
transmissibility  for  a  pumping  period  of  2  minutes 


Figure  3.  Graphs  of  specific  capacity  versus  coefficient  of 
transmissibility  for  a  pumping  period  of  1 0  minutes 


Figure  4.  Graphs  of  specific  capacity  versus  coefficient  of 
transmissibility  for  a  pumping  period  of  60  minutes 
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Figure  5.  Graphs  of  specific  capacity  versus  coefficient  of 
transmissibility  for  a  pumping  period  of  8  hours 


SPECIFIC  CAPACITY,  IN  gpm/ft 

Figure  6.  Graphs  of  specific  capacity  versus  coefficient  of 
transmissibility  for  a  pumping  period  of  24  hours 
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Figure  7.  Graphs  of  specific  capacity  versus  coefficient  of 
transmissibility  for  a  pumping  period  of  I  80  days 


2  through  7.  depending  upon  the  pumping  period.  The 
coefficient  of  transmissibility  is  selected  from  the  point  of 
intersection  of  the  S  line  and  the  known  specific  capacity. 

As  shown  by  equation  33,  the  specific  capacity  varies  with 
the  logarithm  of  1/r,,-.  Large  increases  in  the  radius  of  a 
well  result  in  comparatively  small  changes  in  Q/s.  The  rela¬ 
tionship  between  specific  capacity  and  the  radius  of  a  well 
assuming  T  -  17,000  gpd/ft,  S  =  0.0004,  and  t  =  1  day 
is  shown  in  figure  8A.  A  30-inch-diameter  well  has  a  specific 
capacity  about  8  per  cent  more  than  that  of  a  16-inch- 
diameter  well;  a  16-inch-diameter  well  has  a  specific  capa¬ 
city  about  3  per  cent  more  than  that  of  a  1 2-inch-diameter 


0  5  10  15  20  25  30  0  40  80  120  160  200 

RADIUS  OF  WELL,  IN  INCHES  PUMPING  PERIOD,  IN  DAYS 

/\  (FROM  WALTON,  1959)  g 

Figure  8.  Graphs  of  specific  capacity  versus  well  radius 
IAI  and  pumping  period  IBI 


Specific  capacity  decreases  with  the  period  of  pumping  as 
shown  in  figure  8B.  because  the  drawdown  continually  in¬ 
creases  with  time  as  the  cone  of  influence  of  the  well  ex¬ 
pands.  For  this  reason,  it  is  important  to  state  the  duration 
of  the  pumping  period  for  which  a  particular  value  of 
specific  capacity  is  computed.  The  graph  of  specific  capacity 
versus  pumping  period  in  figure  8B  was  constructed  by 
assuming  T  =  17.000  gpd/ft,  S  =  0.0004,  and  r,r  =  6 
inches. 

Statistical  Analysis 

The  methods  of  statistical  analysis  can  be  of  great  help 
in  appraising  the  role  of  individual  units  of  multiunit 
aquifers  as  contributors  of  water.  The  productivity  of  some 
bedrock  aquifers,  especially  dolomite  aquifers,  is  incon¬ 
sistent  and  it  is  impossible  to  predict  with  a  high  degree  of 
accuracy  the  specific  capacity  of  a  well  before  drilling  at 
any  location.  However,  the  probable  range  of  specific  capa¬ 
cities  of  wells  can  often  be  estimated  based  on  frequency 
graphs. 

Suppose  that  specific-capacity  data  are  available  for  wells 
penetrating  one  or  several  units  of  a  multiunit  aquifer  and 
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it  is  required  to  estimate  the  range  in  productivity  and  rela¬ 
tive  consistency  in  productivity  of  the  three  units.  Specific 
capacities  are  divided  by  the  total  depths  of  penetration  to 
obtain  specific  capacities  per  foot  of  penetration.  Wells  are 
segregated  into  categories  depending  upon  the  units  pene¬ 
trated  by  wells.  Specific  capacities  per  foot  of  penetration 
for  wells  in  each  category  are  tabulated  in  order  of  magni¬ 
tude,  and  frequencies  are  computed  with  the  following 
equation  derived  by  Kimball  ( 1946)  : 

F  =  [m0/{nw  +  1 )  ]  1 00  (34) 

where : 

m„  =  the  order  number 
nw  =  total  number  of  wells 

F  =  percentage  of  wells  whose  specific  capacities  are 
equal  to,  or  greater  than,  the  specific  capacity  of 
order  number  m„ 

Values  of  specific  capacity  per  foot  of  penetration  are  then 
plotted  against  the  percentage  of  wells  on  logarithmic  prob¬ 
ability  paper.  Straight  lines  are  fitted  to  the  data. 

If  specific  capacities  per  foot  of  penetration  decrease  as 
the  depth  of  wells  and  number  of  units  penetrated  increase, 
the  upper  units  are  more  productive  than  the  lower  units. 

Unit-frequency  graphs  can  be  constructed  from  the  cate¬ 
gory-frequency  graphs  by  the  process  of  subtraction,  taking 
into  consideration  uneven  distribution  of  wells  in  the  cate¬ 
gories.  4  he  slope  of  a  unit-frequency  graph  varies  with  the 
inconsistency  of  production,  a  steeper  line  indicating  a 
greater  range  in  productivity. 

Flow-Net  Analysis 

Contour  maps  of  the  water  table  or  piezometric  surface 
together  with  flow  lines  are  useful  for  determining  the 
hydraulic  properties  of  aquifers  and  confining  beds  and 
estimating  the  velocity  of  flow  of  ground  water.  Flow  lines, 
paths  followed  by  particles  of  water  as  they  move  through 
an  aquifer  in  the  direction  of  decreasing  head,  are  drawn  at 
right  angles  to  piezometric  surface  or  water-table  contours. 
If  the  quantity  of  water  percolating  through  a  given  cross 
section  (flow  channel)  of  an  aquifer  delimited  by  two  flow 
lines  and  two  piezometric  surface  or  water-table  contours  is 
known,  the  coefficient  of  transmissibihty  can  be  estimated 
from  the  following  modified  form  of  the  Darcy  equation: 

T  =  Q/IL  (35) 

where : 

Q  =  discharge,  in  gpd 
T  =  coefficient  of  transmissibihty,  in  gpd /ft 
I  =  hydraulic  gradient,  in  feet  per  mile  (ft/mi) 

L  =  average  width  of  flow  channel,  in  miles  (mi) 

L  is  obtained  from  the  piezometric  surface  or  water-table 
map  with  a  map  measurer.  The  hydraulic  gradient  can  be 
calculated  by  using  the  following  formula  (see  Foley,  Wal¬ 
ton,  and  Drescher,  1953)  : 

/  =  c/Wa  (36) 

where : 

/  =  hydraulic  gradient,  in  ft/mi 


c  —  contour  interval  of  piezometric  surface  or  water- 
table  map,  in  ft 

and 

Wa  =  A'/L  (37) 

in  which  A'  is  the  area,  in  square  miles,  between  two 
limiting  flow  lines  and  piezometric  surface  or  water-table 
contours;  and  L  is  the  average  length,  in  miles,  of  the 
piezometric  surface  or  water-table  contours  between  the 
two  limiting  flow  lines. 

If  the  quantity  of  leakage  through  a  confining  bed  into 
an  aquifer,  the  thickness  of  the  confining  bed,  area  of  con¬ 
fining  bed  through  which  leakage  occurs,  and  the  difference 
between  the  head  in  the  aquifer  and  in  the  source  bed  above 
the  confining  bed  are  known,  the  coefficient  of  vertical  per¬ 
meability  can  be  computed  from  the  following  modified 
form  of  the  Darcy  equation: 

P'  =  Qcm'/AhAc  (38) 

where : 

P'  =  coefficient  of  vertical  permeability  of  confining  bed, 
in  gpd/sq  ft 

Qc  =  leakage  through  confining  bed,  in  gpd 
m  =  thickness  of  confining  bed  through  which  leakage 
occurs,  in  ft 

Ac  =  area  of  confining  bed  through  which  leakage  oc¬ 
curs,  in  sq  ft 

Ah  =  difference  between  the  head  in  the  aquifer  and  in 
the  source  bed  above  the  confining  bed,  in  ft 

I  he  velocity  of  the  flow  of  ground  water  can  be  calcu¬ 
lated  from  the  equation  of  continuity,  as  follows: 

V  =  Q/7.4&9.T  (39) 

where : 

V  =  velocity,  in  feet  per  day  (fpd) 

<2  =  discharge,  in  gpd 

A  =  cross-sectional  area  of  the  aquifer,  in  sq  ft 
Sy  ~  specific  yield  of  aquifer,  fraction 

The  specific  yield  converts  the  total  cross-sectional  area 
of  the  aquifer  to  the  effective  area  of  the  pore  openings 
through  which  flow  actually  occurs. 

The  discharge  Q  can  be  calculated  from  Darcy’s  equation 
as  the  product  of  the  coefficient  of  permeability,  hydraulic 
gradient,  and  cross-sectional  area  of  aquifer  or: 

Q  =  PI  A  (40) 

Substitution  of  equation  40  in  equation  39  results  in  the 
expression  (see  Butler,  1957)  : 

V  =  PlpAZSy  (41) 

where : 

V  =  velocity  of  flow  of  ground  water,  in  fpd 
P  =  coefficient  of  permeability,  in  gpd/sq  ft 
I  =  hydraulic  gradient,  in  ft/ft 

Sy  =  specific  yield,  fraction 

The  range  in  ground-water  velocities  is  great.  Under 
heavy  pumping  conditions,  except  in  the  immediate  vicinity 
of  a  pumped  well,  velocities  are  generally  less  than  100  feet 
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;r  day.  Under  natural  conditions,  rates  of  more  than  a  few 
et  per  day  or  less  than  a  few  feet  per  year  are  exceptional 
VTeinzer,  1942). 


ieohydrologic  Boundaries 

The  equations  used  to  determine  the  hydraulic  properties 
f  aquifers  and  confining  beds  assume  an  aquifer  infinite  in 
real  extent.  The  existence  of  geohydrologic  boundaries 
:rves  to  limit  the  continuity  of  most  aquifers  in  one  or 
lore  directions  to  distances  from  a  few  hundred  feet  or 
:ss  to  a  few  miles  or  more.  Geohydrologic  boundaries  may 
e  divided  into  two  types,  barrier  and  recharge.  Barrier 
oundaries  are  lines  across  which  there  is  no  flow  and  they 
lay  consist  of  folds,  faults,  or  relatively  impervious  deposits 
aquiclude)  such  as  shale  or  clay.  Recharge  boundaries  are 
nes  along  which  there  is  no  drawdown  and  they  may  con- 
ist  of  rivers,  lakes,  and  other  bodies  of  surface  water 
ydraulically  connected  to  aquifers.  Barrier  boundaries  are 
-eated  mathematically  as  flow  lines  and  recharge  bound- 
ries  are  considered  as  equipotential  surfaces.  The  effect  of 

recharge  boundary  is  to  decrease  the  drawdown  in  a  well; 
he  effect  of  a  barrier  boundary  is  to  increase  the  drawdown 
n  a  well.  Geohydrologic  boundaries  distort  cones  of  depres- 
ion  and  affect  the  time-rate  of  drawdown. 

Most  geohydrologic  boundaries  are  not  clear-cut  straight- 
ine  features  but  are  irregular  in  shape  and  extent.  How- 
:ver,  because  the  areas  of  most  aquifer  test  sites  are  rela- 
ively  small  compared  to  the  areal  extent  of  aquifers,  it  is 
generally  permissible  to  treat  geohydrologic  boundaries  as 
traight-line  demarcations.  Where  this  can  be  done,  bound- 
iry  problems  can  be  solved  by  the  substitution  of  a  hypo¬ 
thetical  hydraulic  system  that  satisfies  the  geohydrologic 
joundary  conditions. 


Image-Well  Theory 

The  influence  of  geohydrologic  boundaries  on  the  re¬ 
sponse  of  an  aquifer  to  pumping  can  be  determined  by 
means  of  the  image-well  theory  described  by  Ferris  (1959). 
The  image-well  theory  as  applied  to  ground-water  hydrol¬ 
ogy  may  be  stated  as  follows:  the  effect  of  a  barrier 
boundary  on  the  drawdown  in  a  well,  as  a  result  of  pump¬ 
ing  from  another  well,  is  the  same  as  though  the  aquifer 
were  infinite  and  a  like  discharging  well  were  located  across 
the  real  boundary  on  a  perpendicular  thereto  and  at  the 
same  distance  from  the  boundary  as  the  real  pumping  well. 
For  a  recharge  boundary  the  principle  is  the  same  except 
that  the  image  well  is  assumed  to  be  recharging  the  aquifer 
instead  of  pumping  from  it. 

Thus,  the  effects  of  geohydrologic  boundaries  on  the 
drawdown  in  a  well  can  be  simulated  by  use  of  hypothetical 
image  wells.  Geohydrologic  boundaries  are  replaced  for 
analytical  purposes  by  imaginary  wells  which  produce  the 
same  disturbing  effects  as  the  boundaries.  Boundary  prob¬ 
lems  are  thereby  simplified  to  consideration  of  an  infinite 


aquifer  in  which  real  and  image  wells  operate  simultane¬ 
ously. 


Barrier  Boundary 

For  a  demonstration  of  the  image-well  theory,  consider 
an  aquifer  bounded  on  one  side  by  an  impervious  formation. 
The  impervious  formation  cannot  contribute  water  to  the 
pumped  well.  Water  cannot  flow  across  a  line  that  defines 
the  effective  limit  of  the  aquifer.  The  problem  is  to  create  a 
hypothetical  infinite  hydraulic  system  that  will  satisfy  the 
boundary  conditions  dictated  by  the  finite  aquifer  system. 


Figure  9.  Diagrammatic  representation  of  the  image-well 
theory  as  applied  to  a  barrier  boundary 


Consider  the  cone  of  depression  that  would  exist  if  the 
geologic  boundary  was  not  present,  as  shown  by  diagram  A 
in  figure  9.  If  a  boundary  is  placed  across  the  cone  of  depres¬ 
sion,  as  shown  by  diagram  B,  the  hydraulic  gradient  cannot 
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remain  as  it  was  because  it  would  cause  flow  across  the 
boundary.  An  imaginary  discharging  well  placed  across  the 
boundary  perpendicular  to  and  equidistant  from  the  bound¬ 
ary  would  produce  a  hydraulic  gradient  from  the  boundary 
to  the  image  well  equal  to  the  hydraulic  gradient  from  the 
boundary  to  the  pumped  well.  A  ground-water  divide  would 
exist  at  the  boundary  as  shown  by  diagram  C,  and  this 
would  be  true  everywhere  along  the  boundary.  The  condi¬ 
tion  of  no  flow  across  the  boundary  line  has  been  fulfilled. 
Therefore,  the  imaginary  hydraulic  system  of  a  well  and  its 
image  counterpart  in  an  infinite  aquifer  satisfies  the  bound¬ 
ary  conditions  dictated  by  the  field  geology  of  this  problem. 
The  resultant  real  cone  of  depression  is  the  summation  of 
the  components  of  both  the  real  and  image  well  depression 
cones  as  shown  by  diagram  D  in  figure  9.  The  resultant 
profile  of  the  cone  of  depression  is  flatter  on  the  side  of 
the  real  well  toward  the  boundary  and  steeper  on  the  oppo¬ 
site  side  away  from  the  boundary  than  it  would  be  if  no 
boundary  was  present.  A  generalized  plan  view  of  the  flow 
net  in  the  vicinity  of  a  discharging  well  near  a  barrier 
boundary  is  shown  in  figure  10. 


EFFECTIVE 

BARRIER 


Figure  10.  Generalized  flow  net  showing  flow  lines  and  potential  lines 
in  the  vicinity  of  a  discharging  well  near  a  barrier  boundary 


Under  barrier-boundary  conditions,  water  levels  in  wells 
will  decline  at  an  initial  rate  under  the  influence  of  the 
pumped  well  only.  When  the  cone  of  depression  of  the 
image  well  reaches  the  real  well,  the  time-rate  of  drawdown 
will  change.  It  will  be  increased  in  this  instance  because 
the  total  rate  of  withdrawal  from  the  aquifer  is  now  equal 
to  that  of  the  pumped  well  plus  that  of  the  discharging 


image  well.  Thus,  the  drawdown  curve  of  the  real  well  is 
deflected  downward. 

If  an  aquifer  test  is  conducted  without  prior  knowledge 
of  the  existence  of  a  barrier  boundary,  it  may  be  possible  to 
locate  the  boundary  by  determining  the  position  of  the  dis¬ 
charging  image  well  associated  with  the  boundary  (Ferris, 
1948) .  The  image  well  can  be  located  by  using  data  on  the 
deflection  of  the  time-drawdown  curve  under  the  influence 
of  the  discharging  image  well  and  the  law  of  times. 

Law  of  Times 

For  a  given  aquifer  the  times  of  occurrence  of  equal 
drawdown  vary  directly  as  the  squares  of  the  distances  from 
an  observation  well  to  pumping  wells  of  equal  discharge. 
This  principle  is  analogous  to  the  law  of  times  defined  by 
Ingersoll,  Zobel,  and  Ingersoll  (1948).  The  law  of  times  is: 
ti/ri2  =  to/r .  .  .  t„/r„2 

It  follows  that,  if  the  time  intercept  of  a  given  drawdown 
in  an  observation  well  caused  by  pumping  a  well  at  a  given 
distance  is  known,  and  if  the  time  intercept  of  an  equal 
amount  of  divergence  of  the  time-drawdown  curve  caused 
by  the  effect  of  the  image  well  is  also  known,  it  is  possible 
to  determine  the  distance  from  the  observation  well  to  the 
image  well  using  the  following  formula  which  expresses  the 
law  of  times: 

Ti  =  Fp^/ti/tp  (42) 

where : 

Ti  =  distance  from  image  well  to  observation  well,  in  ft 

rp  =  distance  from  pumped  well  to  observation  well, 
in  ft 

tp  =  time  after  pumping  started,  before  the  boundary 
becomes  effective,  for  a  particular  drawdown  to  be 
observed,  in  min 

ti  =  time  after  pumping  started,  after  the  boundary 
becomes  effective,  when  the  divergence  of  the  time- 
drawdown  curve  from  the  type  curve,  under  the 
influence  of  the  image  well,  is  equal  to  the  par¬ 
ticular  value  of  drawdown  at  tp,  in  min 

Aq  uifer-Test  Data 

Values  of  drawdown  s  are  plotted  on  logarithmic  paper 
against  values  of  time  t.  The  proper  type  curve  is  matched 
to  the  early  portion  of  the  time-drawdown  field  data  curve 
unaffected  by  the  barrier  boundary.  Hydraulic  properties  are 
calculated  using  either  the  leaky  artesian  or  nonleaky  arte¬ 
sian  formula. 

The  type  curve  is  again  matched  to  later  time-drawdown 
data,  this  time  over  the  portion  affected  by  the  barrier 
boundary.  The  divergence  of  the  two  type-curve  traces  at  a 
convenient  time  t,  is  determined.  The  time  tp  at  which  the 
first  type-curve  trace  intersects  an  s  value  equal  to  the 
divergence  at  ti  is  also  noted.  The  distance  rx  can  now-  be 
calculated  with  equation  42. 

The  correctness  of  the  match  position  of  the  type  curve 
over  later  time-drawdown  data  can  be  judged  by  noting  the 
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and  W{u)  or  W[u,r/B)  match-point  coordinates.  For  a 
articular  value  of  W{u)  or  W(u,r/B),  the  s  match-point 
oordinate  for  later  time-drawdown  data  should  be  twice 
he  5  match-point  coordinate  for  early  time-drawdown  data, 
rhe  value  of  T  obtained  from  data  of  a  match  of  the  type 
urve  over  the  later  time-drawdown  data  will  be  half  the 
alue  obtained  from  data  of  a  match  of  the  type  curve  over 
arly  time-drawdown  data. 

The  effects  of  geohydrologic  boundaries  also  can  be 
analyzed  with  a  time-departure  curve.  The  type  curve  is 
natched  to  early  time-drawdown  data  unaffected  by  the 
jarrier  boundary  and  the  type-curve  trace  is  extended  just 
>eyond  later  time-drawdown  data.  The  type-curve  trace 
>eyond  the  early  data  indicates  the  trend  the  drawdowns 
vould  have  taken  if  there  was  no  barrier  boundary  present, 
rhe  departure  of  the  later  time-drawdown  data  from  this 
ype-curve  trace  represents  the  effects  of  the  image  well 
issociated  with  the  barrier  boundary.  Values  of  departures 
it  a  number  of  times  are  noted  and  a  time-departure  curve 
is  constructed  on  logarithmic  paper.  The  proper  type  curve 
is  matched  to  the  time-departure  curve,  and  match-point 
:oordinates  and  values  of  T  and  S  computed  from  early 
data  are  substituted  into  either  the  leaky  artesian  or  non- 
leaky  artesian  formula  to  determine  the  distance  from  the 
observation  well  to  the  image  well. 

A  minimum  of  three  observation  wells  is  required  to 
determine  the  location  and  orientation  of  a  barrier  bound¬ 
ary.  The  distances  to  the  image  well  associated  with  the 
barrier  boundary  from  three  observation  wells  are  calcu¬ 
lated  and  are  scribed  as  arcs  using  the  respective  observa¬ 
tion  wells  as  centers.  The  intersection  of  these  arcs  locates 
the  image  well.  The  barrier  boundary  is  oriented  perpen¬ 
dicular  to  and  crosses  the  midpoint  of  a  line  joining  the 
pumped  well  and  the  image  well. 

The  barrier  boundaries  determined  from  aquifer-test 
data  represent  the  limits  of  a  hypothetical  aquifer  system 
that  is  equivalent  hydraulically  to  the  real  system.  1  hese 
effective  barrier  boundaries  will  not  exactly  coincide  with 
nor  completely  describe  actual  barrier  boundaries. 

Recharge  Boundary 

Recharge  boundaries  can  also  be  analyzed  by  methods 
similar  to  those  pertaining  to  a  barrier-boundary  problem. 
Consider  an  aquifer  bounded  on  one  side  by  a  recharge 
boundary  as  shown  in  figure  1 1  A.  The  cone  of  depression 
cannot  spread  beyond  the  stream.  The  condition  is  estab¬ 
lished  that  there  shall  be  no  drawdown  along  an  effective 
line  of  recharge  somewhere  offshore.  The  imaginary  hy¬ 
draulic  system  of  a  well  and  its  image  counterpart  in  an 
infinite  aquifer  shown  in  figure  1 1 B  satisfies  the  foregoing 
boundary  condition.  An  imaginary  recharge  well  has  been 
placed  directly  opposite  and  at  the  same  distance  from  the 
stream  as  the  real  well.  The  recharge  image  well  operates 
simultaneously  and  at  the  same  rate  as  the  real  well.  The 
resultant  real  cone  of  depression  is  the  arithmetic  summa- 


(  AFTER  KNOWLES,  1955  ) 

Figure  11.  Diagrammatic  representation  of  the  image  well 
theory  as  applied  to  a  recharge  boundary 


Figure  12.  Generalized  flow  net  showing  flow  lines  and  potential  lines 
in  the  vicinity  of  a  discharging  well  near  a  recharge  boundary 
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tion  of  the  components  of  the  real  well  cone  of  depression 
and  the  image  well  cone  of  impression  as  shown  in  figure 
1 1 B.  The  resultant  profile  of  the  real  cone  of  depression  is 
steeper  on  the  river  side  of  the  real  well  and  flatter  on  the 
land  side  of  the  real  well  than  it  would  be  if  no  boundary 
was  present.  A  generalized  plan  view  of  the  flow  net  in  the 
vicinity  of  a  discharging  well  near  a  recharge  boundary  is 
shown  in  figure  12. 

Under  recharge-boundary  conditions,  water  levels  in 
wells  will  draw  down  at  an  initial  rate  under  the  influence 
of  the  pumped  well  only.  When  the  cone  of  impression  of 
the  image  well  reaches  the  real  well  the  time-rate  of  draw¬ 
down  will  change.  The  time-rate  of  drawdown  will  there¬ 
after  continually  decrease  and  eventually  equilibrium  con¬ 
ditions  will  prevail,  when  recharge  balances  discharge.  The 
image  well  associated  with  the  recharge  boundary  can  be 
located  from  data  on  the  deflection  of  the  time-drawdown 
curve  under  the  influence  of  the  recharging  image  well. 

Aquifer-Test  Data 

Values  of  j-  are  plotted  on  logarithmic  paper  against 
values  of  t.  The  proper  type  curve  is  matched  to  the  early 
portion  of  the  time-drawdown  field  daia  curve  which  is 
unaffected  by  the  recharge  boundary.  Hydraulic  properties 
are  calculated  with  either  the  leaky  artesian  or  nonleaky 
artesian  formula. 

The  type-curve  trace  is  extended  just  beyond  later  time- 
drawdown  data  and  the  divergence  of  the  type-curve  trace 
and  the  latter  part  of  the  time-drawdown  field  data  curve 
at  a  convenient  time  t{  is  noted.  The  time  tp  at  which  the 
type-curve  trace  intersects  an  s  value  equal  to  the  diver¬ 
gence  at  t,  is  also  noted.  The  distance  r;  is  now  computed 
with  equation  42. 

Sometimes  the  pumped  and  observation  wells  are  so  close 
to  the  recharge  boundary  that  almost  all  time-drawdown 
data  are  influenced  by  recharge  and  it  is  impossible  to  iso¬ 
late  the  effects  of  the  image  well.  In  these  cases  the  time- 
diawdown  graph  cannot  be  used  to  locate  the  recharge 
boundary  nor  to  compute  hydraulic  properties.  Also,  when 
the  test  site  is  very  close  to  a  recharge  boundary,  water 
levels  stabilize  rapidly  and  steady-state  conditions  prevail 
after  a  short  pumping  period. 

It  can  be  shown  by  the  development  of  the  nonleaky 
artesian  formula  that  the  drawdown  at  any  point  under 
steady-state  conditions  is  described  by  the  following  equa¬ 
tion  (Rorabaugh,  1948)  : 

r  =  528Qlog  (n/rp)/T  (43) 

where : 

Q  =  discharge,  in  gpm 

s  —  drawdown  in  observation  well,  in  ft 

ri  ~  distance  from  image  well  to  observation  point,  in  ft 

rp  distance  from  pumped  well  to  observation  point, 
in  ft 

T  =  coefficient  of  transmissibility,  in  gpd/ft 


This  equation  was  expressed  in  terms  of  the  distance 
between  the  pumped  well  and  the  line  of  recharge  by  Rora¬ 
baugh  (1948)  as: 

s  =  528Q  log  ( V^a2  +  rp2  —  4 a  rp  cos  if,/rp)  /T  (44) 
where : 

a  =  distance  from  pumped  well  to  recharge  boundary, 
in  ft 

ip  =  angle  between  a  line  connecting  the  pumped  and 
image  wells  and  a  line  connecting  the  pumped  and 
observation  wells 

For  the  particular  case  where  the  observation  well  is  on 
a  line  parallel  to  the  recharge  boundary  the  following  equa¬ 
tion  (Rorabaugh,  1948)  applies: 

*  =  528Q  log  (V4a2  +  rp2/rp)  /T  (45) 

For  the  particular  case  where  the  observation  well  is  on 
a  line  perpendicular  to  the  recharge  boundary  and  on  the 
river  side,  the  following  equation  (Rorabaugh,  1948) 
applies: 

j  =  528Q  log  [(2a  —  rp)  / rp\/T  (46) 

If  the  coefficient  of  transmissibility,  the  drawdown  under 
equilibrium  conditions,  the  pumping  rate,  and  the  distance 
from  the  observation  well  to  the  pumped  well  are  known, 
the  distance  a  may  be  computed  by  substituting  data  in  one 
of  equations  44  through  46.  The  distance-drawdown  field 
data  graph  for  observation  wells  parallel  to  the  recharge 
boundary  may  often  be  used  to  determine  the  coefficient  of 
transmissibility. 

If  the  observation  wells  are  not  too  distant  from  the 
pumped  well,  the  observation  wells  will  be  approximately 
equidistant  from  the  image  well,  and  the  gradient  of  the 
cone  of  depression  parallel  to  the  stream  will  not  be  dis¬ 
torted  to  any  great  degree.  The  effect  of  the  recharge 
boundary  on  the  drawdowns  in  the  observation  wells  will  be 
approximately  equal  for  a  given  pumping  period.  Thus,  the 
distance-drawdown  field  data  graph  for  observation  wells 
parallel  to  the  recharge  boundary  reflects  the  actual 
gradient  towards  the  pumped  well  and  it  can  be  used  to 
determine  the  coefficient  of  transmissibility.  Although  the 
hydraulic  gradient  is  nearly  correct,  the  total  values  of 
drawdown  in  the  observation  wells  are  affected  by  the  re¬ 
charging  image  well.  Because  the  drawdowns  are  affected 
by  recharge,  it  follows  that  the  storage  coefficient  cannot 
be  computed  from  the  distance-drawdown  field  data  graph. 

Values  of  drawdown  in  several  observation  wells  parallel 
to  the  recharge  boundary  at  the  end  of  the  test  when  water 
levels  are  stable  and  at  unequal  distances  from  the  pumped 
well  are  plotted  against  the  logarithms  of  r  on  semilogarith- 
mic  paper.  This  distance-drawdown  field  data  graph  will 
yield  a  straight-line  graph.  The  slope  of  the  straight  line 
and  the  following  equation  are  used  to  compute  T\ 

T  =  528Q/A  j  (47) 

where : 

T  =  coefficient  of  transmissibility,  in  gpd/ft 

Q  =  discharge,  in  gpm 

As  =  drawdown  difference  per  log  cycle,  in  ft 
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The  computed  value  of  T  and  other  known  data  are 
substituted  into  one  of  equations  44  through  46,  depending 
upon  the  position  of  the  observation  well,  and  the  distance 
a  is  determined.  The  distance  a  can  often  be  determined  by 
a  method  outlined  by  Kazmann  (1948). 

After  T  and  a  are  computed,  the  image  well  may  be 
located  and  the  coefficient  of  storage  can  often  be  estimated 
by  the  process  of  trial  and  error  with  the  following  equa- 


to 

II 

•o 

1 

to 

(48) 

Sp  =  114.6  QW(up)/T 

(49) 

Si  =  \H.6QW(Ui)/T 

(50) 

up  =  2693 rp2S/Tt 

(51) 

Ui  =  2693n2S/Tt 

(52) 

where : 

s  =  drawdown  in  observation  well,  in  ft 
sp  =  drawdown  due  to  pumped  well,  in  ft 
=  buildup  due  to  image  well,  in  ft 
Q  =  discharge,  in  gpm 

T  =  coefficient  of  transmissibility,  in  gpd/ft 
S  =  coefficient  of  storage,  fraction 
r;)  =  distance  from  observation  well  to  pumped  well, 
in  ft 

n  =  distance  from  observation  well  to  image  well,  in  ft 
t  =  time  after  pumping  started,  in  min 

Values  of  up  and  u-,  are  computed  with  equations  51  and 
52  and  corresponding  values  of  W(u,,)  and  \ V(ui)  are  ob¬ 
tained  from  appendix  C. 

Several  values  of  S  are  assumed  and  values  of  sp  and  s-t 
are  computed.  The  S  that  results  in  values  of  sp  and  s { 
which  satisfy  equation  48  is  selected  as  the  coefficient  of 
storage  of  the  aquifer.  There  is  the  possibility  that  more 
than  one  value  of  S  will  satisfy  equation  48.  In  this  case 
the  characteristics  of  the  materials  drained  will  dictate  the 
correct  S. 


Percentage  of  Water  Diverted 
From  Source  of  Recharge 

The  percentage  of  pumped  water  being  diverted  from  a 
source  of  recharge  depends  upon  the  hydraulic  properties  of 
the  aquifer,  the  distance  from  the  pumped  well  to  the  re¬ 
charge  boundary,  and  the  pumping  period.  I  heis  (1941) 
derived  the  following  equation  for  determining  the  per¬ 
centage  of  the  water  pumped  by  a  well  that  is  obtained 
from  a  soutce  of  recharge : 


where : 


rir/2 


P  r  =  2/7T 


e-f  eec  “du 


(53) 


u  =  tan _1(rr/a) 

/  =  2693 a2S/Tt 

Pr  =  percentage  of  pumped  water  being  diverted  from  a 
source  of  recharge 


a  =  distance  from  pumped  well  to  recharge  boundary, 
in  ft 

S  =  coefficient  of  storage,  fraction 
T  =  coefficient  of  transmissibility,  in  gpd/ft 
t  =  time  after  pumping  started,  in  min 
rr  =  distance  along  recharge  boundary  measured  from 
the  perpendicular  joining  the  real  and  image  well, 
in  ft 


(  FROM  THEIS,  1941  ) 

Figure  13.  Graph  for  determination  of  percentage  of 
pumped  water  being  diverted  from  a  source  of  recharge 


Figure  13  gives  values  of  Pr  for  various  values  of  /  and 
shows  therefore  the  percentage  of  the  pumped  water  di¬ 
verted  from  a  source  of  recharge.  The  quantity  (100  Pr) 
represents  the  percentage  of  the  pumped  water  taken  from 
storage  w'ithin  the  aquifer. 


Time  Required  to  Reach  Equilibrium 

Considerable  time  elapses  before  a  cone  of  depression 
stabilizes,  water  is  no  longer  taken  from  storage  within  the 
aquifer,  and  a  new  state  of  approximate  equilibrium  is 
established.  The  time  required  to  reach  approximate  equili- 
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brium  may  be  computed  with  the  following  equation  (see 
Foley,  Walton,  and  Drescher,  1953)  : 

te  =  a2S/[  1 1 2 Te  log  {2a /r) 2]  (54) 

where : 

te  =  time  required  to  reach  approximate  equilibrium, 
in  years 

a  =  distance  from  pumped  well  to  recharge  boundary, 
in  ft 

r  =  distance  from  pumped  well  to  observation  point, 
in  ft 

S  =  coefficient  of  storage,  fraction 

T  =  coefficient  of  transmissibility,  in  gpd/ft 

e  —  deviation  from  absolute  equilibrium  (generally 
arbitrarily  assumed  to  be  0.05) 

Multiple  Boundary  Systems 

Aquifers  are  often  delimited  by  two  or  more  boundaries, 
and  time-drawdown  data  deviate  more  than  once  under  the 
influence  of  two  or  more  image  wells.  Suppose  that  the  cone 
of  depression  intercepts  two  barrier  boundaries  and  that 
available  drawdown  data  are  affected  by  two  discharging 
image  wells.  The  proper  type  curve  is  matched  to  early 
time-drawdown  data  unaffected  by  the  barrier  boundary  and 
T  and  £  are  computed.  The  type-curve  trace  is  extended 
beyond  early  time-drawdown  data.  The  type  curve  is  then 
matched  to  later  time-drawdown  data  affected  by  the  clos¬ 
est  barrier  boundary.  For  a  particular  value  of  W (u)  or 
W(u,r/B),  the  ^  match-point  coordinate  for  the  second 
matched  position  of  the  type  curve  must  be  twice  the  s 
match-point  coordinate  for  the  first  matched  position  of  the 
type  curve.  The  second  type-curve  trace  is  extended  just 
beyond  later  time-drawdown  data.  The  type  curve  is  again 
matched  to  the  time-drawdown  data,  this  time  over  the  late 
time-drawdown  data  affected  by  both  barrier  boundaries. 
For  a  particular  value  of  W {u)  or  W(u,r/B)  the  .r  match- 
point  coordinate  for  the  third  matched  position  of  the  type 
curve  must  be  three  times  the  .<  match-point  coordinate  for 
the  first  matched  position  of  the  type  curve.  The  departure 
of  type-curve  traces  1  and  2,  su,  at  a  convenient  time  is 
noted  and  the  time  t  -,-,  at  which  the  departure  of  type-curve 
traces  2  and  3  is  a  particular  value,  s,-,,  is  determined.  The 
time  tp i  at  which  the  first  type-curve  trace  intersects  an  s 
value  equal  to  and  the  time  tp2  at  which  the  first  type- 
curve  trace  intersects  an  s  value  equal  to  s-,2  are  also  noted. 
Values  of  tn,  tl2,  tpU  and  tp2  are  substituted  into  the  follow¬ 
ing  equations  for  computation  of  the  distances  from  the 
observation  well  to  both  image  wells: 

r;i  =  r;,V<ii/bn  (55) 

where:  -  '-Vi*  (56) 

rii  =  distance  from  observation  well  to  closest  im¬ 
age  well,  in  ft 

r i2  =  distance  from  observation  well  to  farthest  im¬ 
age  well,  in  ft 

rp  =  distance  from  observation  well  to  pumped 
well,  in  ft 


Lp\  or  tv2  =  time  after  pumping  started  for  a  particular 
value  of  or  s i2  to  be  observed  before  either 
boundary  becomes  effective,  in  min 
t  jj  =  time  after  pumping  started  when  the  depar¬ 
ture  of  type-curve  traces  1  and  2  is  equal  to 
Jii,  in  min 

t,2  —  time  after  pumping  started  when  the  depar¬ 
ture  of  type-curve  traces  2  and  3  is  equal  to 
s-,2,  in  min 

Multiple  boundary  conditions  can  also  be  analyzed  with 
time-departure  curves.  Following  procedures  outlined  earlier 
a  time-departure  curve  is  prepared  by  comparing  the  exten¬ 
sion  of  the  type-curve  trace  through  early  time-drawdown 
data  and  later  time-drawdown  data.  Departures  are  plotted 
on  logarithmic  paper  against  values  of  time.  The  proper 
type  curve  is  matched  to  the  time-departure  curves  and  ru  is 
determined  with  the  nonleaky  artesian  or  leaky  artesian 
formula  using  values  of  T  and  .S’  computed  from  early  data 
unaffected  by  the  boundaries.  The  latter  part  of  the  time- 
departure  data  will  again  deviate  from  the  type-curve  trace. 
As  before,  the  departures  are  plotted  on  logarithmic  paper 
against  values  of  time  to  form  a  second  time-departure 
curve.  The  proper  type  curve  is  matched  to  the  second  time- 
departure  curve,  and  match-point  coordinates  and  values 
of  T  and  S  computed  from  early  data  unaffected  by  the 
boundaries  are  substituted  into  the  nonleaky  artesian  or 
leaky  artesian  formula  for  computation  of  r i2.  Any  number 
of  image  wells  can  be  located  by  repeating  the  processes 
outlined  above. 

Primary  and  Secondary  Image  Wells 

As  stated  earlier,  aquifers  are  often  delimited  by  two  or 
more  geohydrologic  boundaries.  Two  converging  bound¬ 
aries  delimit  a  wedge-shaped  aquifer;  two  parallel  bound¬ 
aries  form  an  infinite  strip  aquifer;  two  parallel  boundaries 
intersected  at  right  angles  by  a  third  boundary  form  a  semi¬ 
infinite  strip  aquifer;  and  four  boundaries  intersecting  at 
right  angles  form  a  rectangular  aquifer.  The  image-well 
theory  may  be  applied  to  such  cases  by  taking  into  consid¬ 
eration  successive  reflections  on  the  boundaries. 

A  number  of  image  wells  are  associated  with  a  pair  of 
converging  boundaries.  A  primary  image  well  placed  across 
each  boundary  will  balance  the  effect  of  the  pumped  well 
at  each  boundary.  However,  each  primary  image  well  pro¬ 
duces  an  unbalanced  effect  at  the  opposite  boundary.  Secon¬ 
dary  image  wells  must  be  added  at  appropriate  positions 
until  the  effects  of  the  real  and  image  wells  are  balanced  at 
both  boundaries. 

Although  image-well  systems  can  be  devised  regardless  of 
the  wedge  angle  involved,  simple  solutions  of  closed  image 
systems  are  preferred.  The  actual  aquifer  wedge  angle  6  is 
approximated  as  equal  to  one  of  certain  aliquot  parts  of 
360°.  These  particular  values  of  6  were  specified  by  Knowles 
(1955)  as  follows:  “If  the  aquifer  wedge  boundaries  are 
of  like  character,  6  must  be  an  aliquot  part  of  180°.  If  the 
boundaries  are  not  of  like  character,  6  must  be  an  aliquot 
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part  of  90°. ”  Under  the  foregoing  conditions  and  from  the 
solution  of  the  wedge  problem  as  given  by  Carslaw  and 
Jaeger  (1959),  it  is  evident  that  the  exact  number  of  image 
wells  Hi  depends  upon  the  angle  0  included  between  the 
boundaries  and  is  given  by  the  expression,  m  =  (360/0)  — 
1.  The  locus  of  image- well  locations  is  a  circle  whose  center 
is  at  the  apex  of  the  wedge  and  whose  radius  is  equal  to  the 
distance  from  the  pumped  well  to  the  wedge  apex. 

If  the  aquifer  wedge  boundaries  are  not  of  like  character 
the  character  of  each  image  well,  recharge  or  discharge,  can 
be  ascertained  by  balancing  the  image-well  system,  consid¬ 
ering  each  boundary  separately  (see  Walton,  1953).  A 
primary  image  well  placed  across  a  barrier  boundary  is 
discharging  in  character,  and  a  primary  image  well  placed 
across  a  recharge  boundary  is  recharging  in  character.  A 
secondary  image  well  placed  across  a  barrier  boundary  has 
the  same  character  as  its  parent  image  well,  and  a  secondary 
image  well  placed  across  a  recharge  boundary  has  the  oppo¬ 
site  character  of  its  parent  image  well.  Image- well  systems 
for  several  wedge  shaped  aquifers  are  shown  in  figure  14. 
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•  SIGNIFIES  RECHARGING  WELL 


Figure  14.  Plans  of  image-well  systems  for  several  wedge 
shaped  aquifers 


If  the  arrangement  of  two  boundaries  is  such  that  they 
are  parallel  to  each  other,  analysis  by  the  image-well  theory 
requires  the  use  of  an  image-well  system  extending  to  in¬ 
finity  (Knowles,  1955).  Each  successively  added  secondary 
image  well  produces  a  residual  effect  at  the  opposite  bound¬ 
ary.  However,  in  practice  it  is  only  necessary  to  add  pairs 
of  image  wells  until  the  next  pair  has  negligible  influence 
on  the  sum  of  all  image-well  effects  out  to  the  point.  Image- 
well  systems  for  several  parallel  boundary  situations  are 
shown  in  figures  15  and  16. 
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Figure  15.  Plans  of  image-well  systems  for  selected 
parallel  boundary  situations 
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Figure  16.  Plan  of  image-well  system  for  a  rectangular  aquifer 


Recharge 

The  amount  of  recharge  to  an  aquifer  can  often  be  esti¬ 
mated  by  flow-net  analysis.  Ground-water  and  hydrologic 
budgets  also  may  be  used  to  determine  the  annual  rate  of 
recharge  to  the  ground-water  reservoir. 

Flow-Net  Analysis 

Areas  of  influence  of  pumping  are  outlined  on  water- 
table  or  piezometric  surface  maps.  A  pumpage  inventory  is 
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made  and  hydrographs  of  wells  are  studied  to  determine 
the  relation  between  water  levels  and  pumpage.  If  water- 
level  decline  is  directly  proportional  to  the  pumping  rate 
and  water  levels  stabilize  after  each  increase  in  pumpage, 
recharge  balances  discharge.  Under  these  conditions,  re¬ 
charge  can  be  estimated  with  the  following  equation: 

R  =  Q/Ar  (57) 

where: 

R  =  rate  of  recharge,  in  gpd /sq  mi 
Q  =  total  pumpage  within  area  of  influence,  in  gpd 
Ae  =  area  of  influence,  in  sq  mi 

If  the  vertical  permeability  of  a  confining  bed  is  known, 
recharge  by  the  vertical  leakage  of  water  through  the  con¬ 
fining  bed  can  be  estimated  with  the  following  form  of 
Darcy’s  law: 

Qc  =  (P'/m')AhAc  (58) 

where : 

Qc  =  leakage  through  confining  bed,  in  gpd 
P'  =  coefficient  of  vertical  permeability  of  confining  bed, 
in  gpd/sq  ft 

m'  —  thickness  of  confining  bed  through  which  leakage 
occurs,  in  ft 

Ar  =  area  of  confining  bed  through  which  leakage  oc¬ 
curs,  in  sq  ft 

Ah  —  difference  between  the  head  in  the  aquifer  and  in 
the  source  bed  above  the  confining  bed,  in  ft 
Recharge  can  also  be  estimated  by  studying  the  differ¬ 
ence  in  quantity  of  water  crossing  successive  water-table  or 
piezometric  surface  contours  between  two  limiting  flow  lines 
with  the  following  equation: 

*  =  [(&  —  Qi)  ±  A/t, ^(2.1x10*)]/^  (59) 

where: 

R  =  rate  of  recharge,  in  gpd/sq  mi 
Q->  —  Qi=  difference  in  quantity  of  water  crossing  suc¬ 
cessive  contour  lines  between  limiting  flow 
lines,  in  gpd 

A lit  =  average  rate  of  water-level  decline  or  rise  in 
area  between  limiting  flow  lines  and  succes¬ 
sive  contours,  in  fpd 

A  i  =  area  between  limiting  flow  lines  and  succes¬ 
sive  contours,  in  sq  mi 
S  =  coefficient  of  storage,  fraction 
The  T  sign  in  equation  59  is  used  when  there  is  a  water- 
level  rise  and  the  —  sign  is  used  when  there  is  a  water-level 
decline. 

Q,  and  Q>  are  computed  with  the  following  form  of 
Darcy’s  equation: 

Q  =  til  (60) 

where: 

Q  =  quantity  of  water  percolating  through  a  given  flow 
cross  section,  in  gpd 

T  =  coefficient  of  transmissibility,  in  gpd/ft 
I  =  hydraulic  gradient  at  flow  cross  section,  in  ft /mi 
L  =  length  of  flow  cross  section,  in  mi 


Ground-Water  and  Hydrologic  Budgets 

The  ground-water  budget  is  a  quantitative  statement  of 
the  balance  between  water  gains  and  losses  of  the  ground- 
water  reservoir,  and  a  hydrologic  budget  is  a  quantitative 
statement  of  the  balance  between  the  total  water  gains  and 
losses  of  a  basin  for  a  period  of  time.  The  budgets  consider 
all  waters,  surface  and  subsurface,  entering  and  leaving  or 
stored  within  a  basin.  Water  entering  a  basin  is  equated  to 
water  leaving  a  basin,  plus  or  minus  changes  in  basin 
storage. 

In  many  parts  of  Illinois,  the  surface  topographic  bound¬ 
aries  of  small  drainage  basins  are  reasonably  congruous  with 
ground-water  divides,  and  there  is  no  subsurface  flow  into 
or  out  of  the  basins  except  in  the  vicinity  of  stream-gaging 
stations.  Water  stored  on  the  surface  of  many  basins  in 
ponds  is  very  small,  and  discharge  from  wells  is  mostly  for 
domestic  and  livestock  use  and  is  not  significant. 

Under  these  conditions,  the  ground-water  and  hydrologic 
budget  may  be  stated  as  the  following  equations  (Schicht 
and  Walton,  1961 )  : 

Pg  —  Rg  +  ET  g  +  U  ±  A  Sg  (61  I 

P  =  R,  +  ET  +  U  ±  AS,  ±  A  Sg  (62) 

where : 

P  =  precipitation 
Rt  =  streamflow 
ET  =  evapotranspiration 
U  —  subsurface  underflow 
A Sx  =  change  in  soil  moisture 
A.S'j,  =  change  in  ground-water  storage 
Pg  =  ground-water  recharge 
Rg  =  ground-water  runoff 
ET g  —  ground-water  evapotranspiration 
Streamflow  consists  of  surface  runoff  Rs  and  ground- 
water  runoff  Rg.  Surface  runoff  is  precipitation  that  finds 
its  way  into  the  stream  channel  without  infiltrating  into  the 
soil.  Ground-water  runoff  is  precipitation  that  infiltrates 
into  the  soil  or  to  the  water  table  and  then  percolates  into 
the  stream  channel.  Surface  runoff  reaches  streams  rapidly 
and  is  discharged  from  basins  within  a  few'  days.  Ground 
water  percolates  slowly  towards  and  reaches  streams  gradu¬ 
ally.  A  few  days  after  precipitation  ceases,  there  is  no  sur¬ 
face  runoff  and  streamflow  is  derived  entirely  from  ground- 
water  runoff.  The  time  after  the  peak  of  the  streamflow 
hydrograph  at  which  surface  runoff  terminates  is  given 
approximately  by  the  following  equation  (Linsley,  Kohler, 
and  Paulhus,  1958)  : 

N  =  Abno-  (63) 

where: 

Ab  =  drainage  area  of  basin,  in  sq  mi 
N  —  time  after  the  peak  of  the  streamflow  hydrograph 
when  surface  runoff  ceases,  in  days 
Principles  for  separating  the  streamflow  hydrograph  into 
its  two  components,  surface  and  ground-water  runoff,  are 
not  well  developed.  Ground-water  runoff  (base  flow) 
several  days  after  precipitation  ceases  is  readily  determined; 
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owever,  ground-water  runoff  under  flood  hydrographs  is 
he  subject  of  much  discussion.  Some  simple  base  flow  sepa- 
ation  procedures  are  given  by  Linsley,  Kohler,  and  Paulhus 
1958). 

Ground-water  runoff  into  the  stream  channel  ceases 
emporarily  during  periods  of  flood ;  however,  ground  water 
ontinues  to  percolate  towards  the  stream  from  uplands 
seating  ground-water  storage  in  the  lowlands  adjacent  to 
he  stream  channel.  During  periods  when  the  stream  stage 
ises  above  the  water  table  some  streamflow  percolates  into 
he  ground  creating  bank  storage.  As  soon  as  the  stream 
itage  starts  to  fall,  ground-water  runoff  is  considerably  in¬ 
n-eased  not  only  because  of  the  accumulated  bank  storage 
aut  also  because  of  the  accumulated  ground-water  storage 
in  the  lowlands.  When  bank  and  ground-water  storage  is 
drained  out,  ground-water  runoff  will  generally  be  greater 
than  before  precipitation  occurred  because,  except  during 
some  periods  in  the  summer  and  winter,  precipitation  infil¬ 
trating  into  the  ground-water  reservoir  causes  the  water 
table  to  rise  and  the  hydraulic  gradient  towards  the  stream 
to  increase. 

Ground-water  runoff  depends  in  part  upon  the  position 
of  the  water  table  because  associated  with  a  particular  mean 
ground-water  stage  there  is  a  related  hydraulic  gradient  and 
a  consequent  discharge  of  ground  water  into  a  stream 
(Schicht  and  Walton,  1961).  The  relationship  between 
mean  ground-water  stage  and  ground-water  runoff  can  be 
determined  by  plotting  mean  ground-water  stages  against 
streamflow  on  corresponding  dates  when  streamflow  consists 
entirely  of  ground-water  runoff.  Periods  are  selected  assum¬ 
ing  that  surface  runoff  is  complete  within  N  days  (see 
equation  63)  after  rainfall  and  that  in  the  following  pro¬ 
tracted  period  of  fair  weather  streamflow  is  all  ground- 
water  runoff. 

In  summer  months  evapotranspiration  is  very  effective 
in  reducing  ground-water  runoff.  In  Illinois,  with  the  same 
ground-water  stage,  ground-water  runoff  is  much  less  in 
August  than  in  February.  Separate  rating  curves  of  mean 
ground-water  stage  versus  ground-water  runoff  must  be 
prepared  for  dates  April  through  October,  when  ground- 
water  evapotranspiration  is  great,  and  for  dates  November 
through  March,  when  ground-water  evapotranspiration  is 
very  small. 

Water  is  discharged  from  basins  into  the  atmosphere 
through  evapotranspiration,  a  term  combining  evaporation 
from  land  and  water  surfaces  and  transpiration  from  plants. 
Evapotranspiration  may  be  subdivided  into  two  parts  ac¬ 
cording  to  the  source  of  the  water  discharged  into  the 
atmosphere  as  follows:  1)  surface  evaporation  and  soil 
evapotranspiration  ET„,  and  2)  ground-water  evapotrans¬ 
piration  ET The  part  of  evapotranspiration  derived  from 
the  water  table  is  ground-water  evapotranspiration. 

Ground  water  continuously  percolates  towards  streams; 
however,  the  roots  of  plants  and  soil  capillaries  intercept  and 
discharge  into  the  atmosphere  some  of  the  water  which 
otherwise  would  become  ground-water  runoff.  Ground- 


water  evapotranspiration  can  be  estimated  from  rating 
curves  of  mean  ground-water  stage  versus  ground-water 
runoff  (Schicht  and  Walton,  1961).  Ground-water  runoff 
corresponding  to  a  ground-w>ater  stage  is  read  from  rating 
curves  prepared  for  dates  April  through  October  and  for 
dates  November  through  March.  The  difference  in  ground- 
water  runoff  between  the  two  curves  is  the  approximate 
ground-water  evapotranspiration. 

Subsurface  underflow  from  basins  can  be  estimated  with 
a  form  of  Darcy’s  law  (equation  60)  if  the  coefficient  of 
transnnssibility  of  the  deposits  and  the  hydraulic  gradient 
of  the  water  table  are  known. 

The  change  in  mean  ground-water  stage  during  an  inven¬ 
tory  period  AH  multiplied  by  the  gravity  yield  Yg  of  the 
deposits  within  the  zone  of  ground-water  fluctuation  is 
equal  to  the  change  in  ground-water  storage  A Sg.  Stated  as 
an  equation: 

A  Sg  =  A  HYg  (64) 

Gravity  yield  may  be  defined  (Rasmussen  and  Andreasen, 
1959)  as  the  ratio  of  the  volume  of  water  that  deposits  will 
yield  by  gravity  drainage  to  the  total  volume  of  deposits 
drained  during  a  given  period  of  ground-water  decline.  I  he 
gravity  yield  of  deposits  is  not  immediate  and  as  a  result  the 
gravity  yield  is  not  constant  but  increases  at  a  diminishing 
rate  with  the  time  of  drainage,  gradually  approaching  the 
specific  yield.  The  relationship  between  gravity  yield  and 
time  of  drainage  becomes  evident  when  values  of  4 are 
plotted  against  the  average  duration  of  ground-water  de¬ 
cline  preceding  inventory  periods  (Schicht  and  Walton, 
1961). 

The  hydrologic  budget  contains  two  factors,  evapotrans¬ 
piration  and  change  in  soil  moisture,  which  are  not  always 
measured  in  the  field.  However,  during  the  period  of  winter 
and  early  spring  months  (December  through  March) 
evapotranspiration  and  soil-moisture  change  are  very  small. 
Soil-moisture  change  can  be  eliminated  and  evapotranspira¬ 
tion  can  be  estimated  to  average  0.3  inch  per  month  in  Illi¬ 
nois  without  introducing  serious  error  in  the  hydrologic 
budget.  Equation  62  may  be  rewritten  for  inventory  periods 
during  winter  and  early  spring  months  when  the  water  table 
is  rising,  as  follows  (Schicht  and  Walton,  1961)  : 

Ys  =  [P  —  Rt  —  ET  —  U)  /AH  (65) 

The  relationship  between  gravity  yield  and  the  time  of 
drainage  of  deposits  can  be  estimated  with  equation  65  and 
data  for  several  inventory  periods  during  winter  and  early 
spring  months. 

Ground-water  runoff  and  evapotranspiration  are  deter¬ 
mined  from  rating  curves  of  mean  ground-water  stage 
versus  runoff  described  earlier.  Subsurface  underflow  is 
computed  with  equation  60.  Changes  in  ground-water 
storage  are  estimated  by  substituting  appropriate  values  of 
gravity  yield  based  on  the  average  period  of  ground-water 
decline  preceding  the  inventory  period  in  equation  64. 
Knowing  ground-water  runoff,  evapotranspiration,  under¬ 
flow,  and  change  in  storage,  ground-water  recharge  can 
then  be  determined  by  balancing  equation  61. 
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Part  2.  Analysis  of  Yields  of  Wells  and  Aquifers 


This  section  describes  methods  used  to  evaluate  practical  sustained  yields  of  wells 
and  aquifers  using  the  results  of  analyses  presented  in  Part  1.  Analysis  of  step-draw- 
down  data  and  mechanical  analysis  of  aquifers  to  determine  the  optimum  well  yields, 
spacing,  and  construction  features  are  discussed. 


Model  Aquifers  and  Mathematical  Models 

Geohydrologic  settings  in  many  areas  have  heretofore 
been  considered  too  complex  to  permit  quantitative  descrip¬ 
tion  with  analytical  expressions.  In  some  cases,  restrictions 
associated  with  complicated  mathematics  might  be  elimi¬ 
nated  by  devising  approximate  methods  of  analysis  based  on 
idealized  mathematical  models  of  aquifer  situations  (Walton 
and  Neill,  1960).  Appropriate  assumptions  often  lead  to  a 
simplification  of  aquifer  conditions  to  the  point  where 
mathematical  solutions  become  practical. 

Cursory  consideration  may  suggest  that  simplified  assump¬ 
tions  are  so  idealistic  as  to  preclude  a  reasonably  accurate 
solution.  However,  with  sound  professional  judgment  geo¬ 
hydrologic  conditions  can  often  be  highly  idealized  with 
little  sacrifice  in  accuracy  of  analysis.  In  addition,  the  ade¬ 
quacy  and  accuracy  of  basic  data  are  seldom  sufficient  to 
warrant  a  rigorous  theoretical  and  precise  evaluation  of  the 
practical  sustained  yield  of  wells  and  aquifers.  In  most  cases, 
the  complexity  of  geologic  conditions  dictates  that  quanti¬ 
tative  appraisals  derived  from  any  method  of  analysis  can 
at  best  be  considered  only  approximations. 

In  applying  analytical  methods  to  well  and  aquifer 
evaluation  problems,  the  geohydrologic  boundaries  of  the 
aquifer  evident  from  areal  studies  must  be  idealized  to  fit 
comparatively  elementary  geometric  forms  such  as  wedges 
and  infinite,  or  semi-infinite,  rectilinear  strips.  Boundaries 
are  assumed  to  be  straight-line  demarcations  and  are  given 
mathematical  expression  by  means  of  the  image-well  theory. 
The  hydraulic  properties  of  the  aquifer  and  confining  bed 
(if  present)  and  recharge  are  considered  mathematically  by 
using  appropriate  ground-water  formulas. 

Actual  ground-water  conditions  are  simulated  with  model 
aquifers  (Walton  and  Walker,  1961)  which  have  straight- 
line  boundaries,  and  an  effective  width,  length,  and  thick¬ 
ness.  The  aquifer  is  sometimes  overlain  by  a  confining  bed 
which  has  an  effective  thickness. 

Mathematical  models  are  based  on  the  hydraulic  proper¬ 
ties  of  model  aquifers,  the  image-well  theory,  and  ground- 
water  formulas.  Problems  associated  with  geohydrologic 
boundaries  are  simplified  to  consideration  of  an  infinite 
aquifer  in  which  real  and  image  wells  operate  simultane¬ 
ously.  The  effects  of  real  and  image  wells  are  computed 


with  appropriate  ground-water  formulas.  The  gross  hydrau¬ 
lic  properties  of  the  aquifer  and  confining  bed  (if  present) 
are  considered  in  evaluating  the  effects  of  boundaries;  de¬ 
tailed  hydraulic  property  variations  are  considered  in  esti¬ 
mating  interference  between  wells  and  drawdowns  in  pro¬ 
duction  wells. 

Most  geohydrologic  boundaries  are  not  clear-cut  straight- 
line  features  but  are  irregular  in  shape  and  extent.  How¬ 
ever,  it  is  generally  permissible  to  treat  boundaries  as 
straight-line  demarcations  because  irregularities  are  often 
small  when  compared  with  the  areal  extent  of  most  aquifers. 
It  should  be  recognized  that  idealized  mathematical  models 
describe  the  drawdown  least  accurately  in  the  immediate 
vicinity  of  boundaries.  The  greater  the  distance  to  the 
boundary  from  the  observation  point,  the  smaller  will  be 
the  error  involved  by  the  approximation. 

Ideal  boundary  conditions  and  water-bearing  character¬ 
istics  are  rarely  if  ever  found  in  nature.  Most  aquifers  are 
heterogeneous  and  anisotropic.  The  coefficient  of  transmis- 
sibility  of  deposits  often  changes  markedly  in  short  distances 
and  stratification  of  deposits  results  in  large  differences  be¬ 
tween  permeabilities  measured  parallel  and  across  bedding. 
These  recognized  departures  from  ideal  conditions  do  not 
necessarily  dictate  that  mathematical  models  be  rarely  used. 
Such  departures  emphasize  the  need  for  sound  professional 
judgment  in  designing  mathematical  models  to  fit  actual 
conditions  and  in  properly  qualifying  results  according  to 
the  extent  of  departures. 

It  is  recognized  that  analytical  analysis  provides  only 
approximate  answers,  often  on  a  bulk  basis.  Quantitative 
appraisal  of  geohydrologic  systems  having  highly  complex 
geometry  and  great  variations  in  hydraulic  properties  may 
require  the  use  of  an  electrical  analog  model  (Stallman, 
1960) .  Results  obtained  from  analytical  methods  and  analog 
models  need  to  be  compared  to  determine  the  limitations  of 
analytical  methods. 

Records  of  Past  Pumpage  and  Water  Levels 

Records  of  past  pumpage  and  water  levels  may  be  used 
to  establish  whether  or  not  assumed  mathematical  models 
satisfy  the  geohydrologic  limits  of  the  aquifer.  The  water- 
level  decline  at  several  points  is  computed  as  a  test,  using 
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he  hydraulic  properties  of  the  aquifer  and  confining  bed 
if  present)  and  estimated  past  pumpage  data,  and  taking 
nto  account  known  geohydrologic  boundaries. 

Production  wells  are  grouped  into  centers  of  pumping 
ind  discharge  from  each  pumping  center  is  broken  into 
tep  increments.  Centers  of  pumping  and  geohydrologic 
joundaries  are  drawn  to  scale  on  a  map  and  the  image 
veils  associated  with  the  boundaries  are  located.  The  dis- 
ances  from  observation  points  to  the  pumping  centers  and 
;o  the  image  wells  are  scaled  from  the  map.  The  water-level 
decline  at  observation  points  resulting  from  each  increment 
3f  pumpage  at  each  pumping  center  is  determined,  using 
appropriate  ground-water  formulas  to  compute  the  effects 
af  the  real  and  image  wells. 

Sometimes  the  exact  location  of  geohydrologic  bound¬ 
aries  is  unknown  and  the  initial  assumed  conditions  may 
prove  to  be  in  error  in  light  of  a  comparison  between  com¬ 
puted  and  actual  decline.  In  this  event  the  mathematical 
model  is  modified  and  computations  repeated  until  assumed 
conditions  result  in  correct  computed  declines.  A  rule  to  be 
observed  in  the  construction  of  mathematical  models  is 
that  the  assumed  model  be  in  accord  with  the  geohydrology 
of  the  real  aquifer  and  that  the  assumed  model  aquifer  be 
geometrically  similar  to  the  physical  flow  system.  If  com¬ 
puted  and  actual  decline  agree,  the  mathematical  model 
may  be  used  to  predict  with  reasonable  accuracy  the  effects 
of  future  ground-water  development  and  the  practical  sus¬ 
tained  yield  of  an  aquifer. 

Computation  by  Electronic  Digital  Computer 

The  time-consuming  computations  associated  with  mathe¬ 
matical  models  can  in  most  instances  be  reduced  to  simple 
standardized  procedures  which  can  be  inexpensively  han¬ 
dled  by  means  of  digital  computing  machines  (Walton  and 
Neill,  1960). 

A  complete  set  of  instructions  for  the  University  of  Illi¬ 
nois  electronic  digital  computer  (Illiac)  has  been  devised 
for  the  solution  of  the  nonleaky  artesian  formula  which 
may  be  written  as: 

j=  (114.6Q/T)  /  e~u/u  du  =  (114.6Q/T)  W(u) 

J  U 

where: 

W{u)  =  ( — 8 —  In  u)  +  [w  —  (u2/2.2! )] 

+  [(u3/3.3!)  —  (u4/4.4!)]  .  .  . 

u  =  2693 r2S/Tt 
8  =  0.5772 

s  =  the  drawdown  or  buildup  at  the  observation 
point,  in  ft 

Q  =  the  discharge  or  recharge  rate  of  the  real  or 
image  well,  in  gpm 

r  =  the  distance  from  the  real  or  image  well  to  the 
observation  point,  in  ft 

t  =  the  time  after  pumping  or  recharging  started, 
in  min 


T  =  the  coefficient  of  transmissibility,  in  gpd/ft 
S  =  the  coefficient  of  storage,  fraction 


Data  enter  the  Illiac  in  the  form  of  a  pattern  of  holes 
punched  in  paper  tape.  Arrangement  of  data  on  the  input 
paper  tape  is  important  to  repeated  automatic  solution  of 
the  nonleaky  artesian  formula.  Many  of  the  same  data  items 
may  be  used  repeatedly  in  various  combinations;  conse¬ 
quently,  the  data  input  format  and  the  instructions  to  the 
Illiac  were  designed  to  minimize  repetitious  labor  in  data 
tape  preparation.  An  illustrative  order  of  items  on  the  data 
tape  is  shown  in  figure  17.  1  he  7  and  S  portion  is  located 
at  the  leading  end  of  the  data  tape  since  only  one  set  of 
these  values  is  required  for  a  single  mathematical  model. 
Either  all  or  portions  of  the  remainder  of  the  format  may 
be  repeated  many  times. 

Number  of  values  in  T- table 


T1  *  T2  ’  T3  1 
-T 


T.. 


1  —  n  ~  2  4 


Last  entry  in  table  is  a  negative  number 


S  =  Coefficient  of  storage 


Number  of  values  in 
rL  i  r2  i  r3i . 


r-table 

r  1  —  n  —  325 


(Q,t)n,  (Q,t)12, . (Q»,Um1 

-Q  This  entry  in  table  must  be  a  negative  number 

ID111’ID112’ . IDllk  k  -  mi 

-ID  This  entry  in  ID  set  must  be  a  negative  number 
+  ID  When  this  entry  is  positive,  a  new  ID-table 
follows 


ID211’ID212> 

-ID 

-ID  When  this 

entry  is  negative,  new  Q,t  and 

new  ID 

follow 

( Q,t)2i  i  ^22 » 

. (Q,t)2m2  l-m2-46 

-Q 

ID32I’  ID322’  ' 

-ID 

-t-ID  When  this 

entry  is  positive,  a  new  ID  table 

follows 

ID42I  »^422  s  ■  ■  ■ 

1 

1 

IDijl . 

t  n 

IDjik  i  =  n 

-ID  when  this  entry  is  +,  the  format  can  be  repeated  in  a 
*10  Sjmj|ar  manner  beginning  with  the  r-table.  Computer 
stops  when  this  entry  is  negative. 

(FROM  WALTON  8  NEILL,  I960) 

Figure  17.  Illustrative  data  input  format  for  digital 
computer  analysis  of  a  mathematical  model 


Details  of  machine  programming  are  beyond  the  scope  of 
this  report.  An  outline  or  a  flow  diagram,  figure  18.  and 
the  data  input  format,  figure  17,  will  be  used  as  a  basis  for 
a  brief  discussion  of  steps  in  the  solution  of  a  mathematical 
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model.  Each  block  in  figure  18  may  represent  either  an 
individual  instruction  to  the  computer  or  many  individual 
instructions. 


(start)— 9- 

INPUT  INSTRUCTIONS]-*- 

INPUT  T- TABLE  AND  S 

_ (IT) 

_ (a) 

INPUT  ID-TABLE]4- 

INPUT  Q.t-TABLE'F 

■< - 

INPUT  r -TABLE']"' 

© 


)  /ALL  r(2l) 

(A  11  r  V, 

ADVANCE  r -ADDRESS' 

I  Vused?(t 

UJSED?/*^ 
v— — 

RESET  T-ADDRESS 

Q.t-TABLEp -  INPUT  r -TABLE  | 

^ - © 

■a  (next  n2  on  TAPEA^*-  STOP  I 

\°A  +0R-?  (&J  - 

i @ 


RESET  0,t-ADDRESS 
ADVANCE  r- ADDRESS 
RESET  T-ADDRESS 


NEXT  N2  ON  TAPE 


+  0R-ffi 


RESET  ID -ADDRESS  ^ 
RESET  Q,t- ADDRESS  ^ 
ADVANCE  ADDRESS  OF  T 


ADVANCE  ADDRESSES 
OF  Q,t  AND  ID  /fA 


ACCUMULATE  W(u)n" 

_ ( 

UNTIL 

- © 

COMPUTE  AND] 

W(u)h-W(u)hH<  A 

PRINT  Wlu)  p- - >- 

PRINT  s 

(FROM  WALTON  8  NEILL,  I960) 


Figure  18.  Abbreviated  flow  diagram  for  digital  computer 
analysis  of  a  mathematical  model 


The  first  step  after  starting  the  I  Iliac,  block  1  of  figure 
18,  involves  arrangement  of  the  complete  program  of  in¬ 
structions  in  designated  locations  in  the  memory.  Block  2 
inserts  values  of  T  and  S  as  input  data  and  blocks  3  and  4 
insert  values  of  r  and  tables  of  Q  and  t,  respectively.  Instruc¬ 
tion  blocks  3  and  4  are  used  several  times  during  an  analysis, 
with  block  4  functioning  more  frequently  than  block  3. 

Increments  of  drawdown  and  buildup  for  given  values  of 
Q  and  t  and  particular  real  and  image  wells  are  given 
identification  numbers  (ID  numbers).  Instructions  given  in 
blocks  5,  9,  17,  and  18  insure  proper  identification  of  the 
many  drawdowns  and  buildups.  Block  5  functions  more 
times  than  the  other  input  blocks  in  providing  sets  of  identi¬ 
fication  numbers  for  use  during  analysis.  The  printing  of  T, 
block  7,  also  provides  identification  and  segregates  groups 
of  values  in  the  output  format. 

The  first  five  blocks  of  figure  18  provide  the  Illiac  with 
a  complete  program  of  instructions  and  one  set  of  data 
with  identification  numbers,  which  are  required  before  the 


machine  can  proceed  to  obey  arithmetic-type  instructions. 
During  the  computational  phase,  the  programmer  must 
arrange  for  arithmetic  instructions  to  function  in  harmony 
with  instructions  involving  movement  of  data  in  the  com¬ 
puter,  subsequent  insertion  of  other  sets  of  data  from  the 
input  tape,  and  the  output  of  results.  The  algebraic  sign  of 
a  number  is  frequently  used  as  a  basis  for  synchronizing  the 
operation  of  the  different  types  of  instructions.  For  example, 
quantities  conveniently  referred  to  as  — T,  — Q,  and  ID 
are  punched  at  the  end  of  their  respective  tables  (see  figure 
17)  to  enable  the  Illiac  to  make  pertinent  decisions  in  flow 
diagram  blocks  6,  8,  19,  and  24.  An  alternate  cycle  from 
block  12,  when  u  is  greater  than  10,  was  also  arranged  be¬ 
cause  drawdowns  associated  with  these  values  of  u  are  too 
small  to  be  of  practical  significance.  The  alternative  saves 
computer  time  and  omits  several  insignificant  entries  in  the 
output  record. 

A  table  of  values  for  W (u)  and  u  has  been  published  and 
could  be  stored  in  the  Illiac.  However,  a  table  would  use 
valuable  memory  space  and  it  is  quicker  and  easier  for  the 
Illiac  to  compute  the  required  values  of  W  (u)  when  needed 
than  to  locate  them  in  a  table  stored  in  the  computer 
memory.  Instructions  represented  by  block  14  are  concerned 
with  the  solution  of  the  exponential  integral  W (u)  that  is 
handled  as  a  convergent  series  by  accumulating  pairs  of 
terms  enclosed  by  parentheses  in  the  nonleaky  artesian 
formula.  The  summation  process  continues  until  the  incre¬ 
ment  becomes  less  than  a  preassigned  value  A.  Subsequently, 
the  value  of  W [u)  is  printed  and  the  computation  for  draw¬ 
down  is  completed  in  blocks  15  and  16,  respectively. 

At  this  point  in  the  instruction  program,  the  Illiac  has 
completed  a  cycle  for  one  drawdown  or  buildup.  The 
machine  will  continue  to  operate  as  shown  diagrammatically 
in  figure  18  until  all  sets  of  input  data  have  been  read  from 
the  tape  and  used  in  computations. 

A  teletypewriter  reads  the  output  tape  and  prints  values 
of  T,  identification  numbers,  values  of  u  and  W(u),  and 
drawdown  or  buildup.  Data  in  the  output  format  and  a  few 
computations  made  by  conventional  methods  are  used  to 
spot  check  the  performance  of  the  Illiac. 


Well  Characteristics 

The  drawdown  i  in  a  production  well  has  all  or  some 
of  the  following  components,  depending  upon  geohydrologic 
and  well  conditions:  the  drawdown  sa  (aquifer  loss)  due  to 
laminar  flow  of  water  through  the  aquifer  towards  the  well; 
plus  the  drawdown  (well  loss)  due  to  the  turbulent  flow 
of  water  through  the  screen  or  well  face  and  inside  the 
casing  to  the  pump  intake;  plus  the  drawdown  sp  due  to  the 
partial  penetration  of  the  pumped  well;  plus  the  drawdown 
.frf  due  to  dewatering  a  portion  of  an  aquifer;  plus  the  draw¬ 
down  Sb  due  to  barrier  boundaries  of  the  aquifer;  minus  the 
buildup  sr  due  to  recharge  boundaries  of  the  aquifer.  Stated 
as  an  equation : 

S  =  S„  +  Sw  +  Sp  +  Sd  +  Sb  —  Jr  (66) 


26 


Well  Loss 

The  components  of  drawdown  and  buildup,  except  well 
loss  and  partial  penetration  loss,  can  be  computed  with  the 
nonleaky  artesian  or  leaky  artesian  formula.  Well  loss  may 
be  represented  approximately  by  the  following  equation 
(Jacob,  1946b)  : 

j*  =  CQ2  (67) 

where: 

sw  =  well  loss,  in  ft 

C  =  well-loss  constant,  in  sec2/ft5 

Q  =  discharge,  in  cubic  feet  per  second  (cfs) 

Rorabaugh  (1953)  derived  a  similar  equation  and  pre¬ 
sents  a  more  exact  method  for  evaluation  of  well  loss  when 
a  large  range  of  pumping  rates  is  encountered.  In  practice, 
however,  equation  67  has  been  found  to  be  adequate  in 
most  cases. 

The  value  of  C  in  equation  67  may  be  computed  from 
the  data  collected  during  a  “step-drawdown”  test,  in  which 
the  well  is  operated  during  successive  periods  at  constant 
fractions  of  full  capacity,  by  using  the  following  equation 
(Jacob,  1946b) : 

_  (AT/AQj)  —  (A5i~1/AQi-1)  (6g) 

AQi-i  +  A  Qi 


The  Ai  terms  in  equation  68  represent  increments  of 
drawdown  produced  by  each  increase  (AQ.)  in  the  rate  of 
pumping.  The  dimensions  of  A s  and  AQ  are  feet  and  cubic 
feet  per  second,  respectively.  Increments  of  drawdown  are 
determined  by  taking  in  each  case  the  difference  between 
the  observed  water  level  and  the  extension  of  the  preceding 
water-level  curve.  Steps  of  any  length  of  time  may  be  used 
providing  the  As  values  chosen  are  for  the  same  length  of 
time  in  each  step.  For  steps  1  and  2  equation  68  may  be 
rewritten  as: 


(Aj2/AQ2)  —  {Asi/AQt) 
AQi  +  AQ.2 


(69) 


For  steps  2  and  3,  equation  68  may  be  written  as: 

(Ar3/AQ3)  -  (Ar2/AQ2) 

AQ2  +  A  Q:i 


(70) 


Equation  68  assumes  that  the  well  is  stable  and  that  C 
does  not  change  during  the  step-drawdown  test.  However, 
newly  completed  wells  and  old  wells  are  sometimes  unstable 
and  the  value  of  C  is  affected  by  changes  in  pumping  rates. 
The  value  of  C  computed  for  steps  1  and  2  may  be  greater 
or  less  than  that  computed  for  steps  2  and  3  if  the  well  is 
unstable.  Sand  and  gravel  often  shift  outside  a  well  during 
step  3  under  the  influence  of  a  high  rate  of  pumping,  result¬ 
ing  in  either  the  development  or  clogging  of  the  pores  of 
the  aquifer  immediately  behind  the  well  screen.  If  the  value 
of  C  for  steps  2  and  3  is  considerably  less  than  that  for  steps 
1  and  2,  it  is  probable  that  development  has  occurred  during 
the  step-drawdown  test.  A  large  increase  in  C  with  higher 


pumping  rates  indicates  clogging  of  the  well  screen  or  well 
wall.  If  development  during  the  pumping  period  is  large 
Aso/AQ-2  will  be  greater  than  Aj:,/AQ:i  and  solution  of  equa¬ 
tion  70  will  be  impossible.  Thus,  it  is  possible  to  appraise 
the  stability  of  a  well  with  step-drawdown  test  data  and 
equations  69  and  70. 

Drilling  processes  often  clog  the  voids  or  fracture  open¬ 
ings  of  the  well  face  and  well  wall  or  the  openings  of  the 
well  screen.  Maximum  yield  per  foot  of  drawdown  cannot 
be  obtained  unless  development  is  sufficient  to  remove  these 
fine  materials.  The  effectiveness  of  development  can  be 
appraised  from  the  results  of  a  step-drawdown  test.  The 
value  of  C  of  a  properly  developed  and  designed  well  is 
generally  less  than  5  sec2 /ft’. 

The  capacities  of  wells  often  diminish  with  heavy  pump¬ 
ing  as  screen  slots  or  perforations  and  the  voids  of  the 
aquifer  in  the  immediate  vicinity  of  the  well  bore  become 
clogged.  The  step-drawdown  test  also  can  be  used  to  ap¬ 
praise  the  degree  of  well  deterioration.  Values  of  C.  between 
5  and  10  sec2/ft5  indicate  mild  deterioration,  and  clogging 
is  severe  when  C  is  greater  than  10  sec~/ft  .  It  is  difficult 
and  sometimes  impossible  to  restore  the  original  capacity 
if  the  well-loss  constant  is  greater  than  40  sec2/ft5.  Wells  of 
diminished  capacity  can  often  be  returned  to  near  original 
capacity  by  one  of  several  rehabilitation  methods.  The  suc¬ 
cess  of  rehabilitation  work  can  be  appraised  from  the  results 
of  step-drawdown  tests  made  prior  to  and  after  treatment. 

Collector  Wells 

The  problem  of  estimating  the  sustained  yields  of  collec¬ 
tor  wells  is  often  encountered.  The  complex  construction 
features  of  collector  wells  cannot  be  directly  considered  with 
existing  ground-water  formulas.  However,  drawdown  in 
collector  wells  can  be  estimated  by  simulating  the  collector 
well  with  a  vertical  well  having  the  same  specific  capacity 
as  the  collector  well.  The  effective  radius  of  a  vertical  well 
that  simulates  the  collector  well  can  often  be  determined 
with  aquifer-test  data. 

Several  Ranney  collector  wells  have  been  constructed  in 
Illinois.  The  Ranney  collector  well  consists  of  a  large  diam¬ 
eter  reinforced  concrete  caisson  from  which  horizontal 
screen  laterals  are  projected  radially  near  the  bottom.  The 
standard  caisson  is  generally  13  feet  in  diameter.  The  hori¬ 
zontal  screen  laterals  are  fabricated  from  heavy  steel  plate, 
perforated  with  longitudinal  slots,  and  may  be  8  to  24 
inches  in  diameter  and  100  to  450  feet  in  length  depending 
upon  geologic  conditions  and  design  of  unit  (Mikels  and 
Klaer,  1956). 

Because  the  flow  pattern  within  the  horizontal  lateral 
system  is  complex,  the  sustained  yield  of  the  collector  is 
usually  determined  by  simulating  the  collector  with  a  ver¬ 
tical  well  having  the  same  specific  capacity  as  the  collector 
well.  The  effective  radius  of  a  vertical  well  that  simulates  a 
collector  well  in  the  case  of  a  radial  lateral  pattern  covering 
the  entire  circumference  and  having  equal  length  laterals,  is 
equal  to  75  to  85  per  cent  of  the  individual  lateral  lengths 

27 


( Mikels  and  Klaer,  1956).  Several  effective  radii  of  vertical 
wells  that  simulate  collector  wells  having  lateral  patterns 
covering  only  part  of  the  circumference  and  laterals  of  un¬ 
equal  length  are  given  in  table  3. 


Table  3.  Effective  radii  of  collector  wells 


Vertical  well 
effective  radius 

(/o 


72 


60 

74 


Collector  well 
construction  features 

Five  laterals  projected  in  a  fan-shaped 
pattern  ranging  in  length  from  60  to  120 
feet  and  totaling  496  feet  around  180 
degrees  of  the  circumference 

Four  laterals  projected  to  lengths  of  about 
100  feet  each  around  90  degrees  of  the 
circumference 

Seven  laterals  136  to  176  feet  in  length 
around  130  degrees  of  the  circumference 


From  Mikels  and  hlaer  (1956) 


Well  Design  Criteria 

There  are  many  criteria  used  in  screen  and  artificial 
pack  selection  and  to  date  there  are  no  standardized  well 
design  criteria  acceptable  to  all  those  concerned  with  water 
wells.  The  well  design  criteria  presented  in  this  report  are 
somewhat  of  a  compromise  between  the  various  criteria  in 
the  literature  and  are  those  adapted  for  conditions  found  in 
Illinois.  The  criteria  are  applicable  to  domestic,  industrial, 
municipal,  and  irrigation  wells.  The  objective  is  to  design 
an  efficient  and  economical  well  with  a  service  life  of  at 
least  10  years  for  any  aquifer  and  purpose. 


Screened  Well s 

In  the  unconsolidated  deposits,  a  screen  is  required  to 
hold  back  sediment  and  allow  water  to  flow  into  the  well 
without  excessive  head  loss  or  the  passage  of  fine  materials 
during  pumping.  There  are  two  types  of  screened  wells: 
natural  pack  and  artificial  pack.  Materials  surrounding  the 
well  are  developed  in  place  in  the  case  of  the  natural  pack 
well;  materials  having  a  coarser  uniform  grain  size  than  the 
natural  formation  are  artificially  placed  around  the  well  in 
the  case  of  the  artificial  pack  well.  In  the  natural  pack 
case,  development  removes  the  finer  material  from  the 
aquifer  so  that  only  coarser  material  surrounds  the  screen. 
The  materials  around  the  well  are  made  more  uniform  in 
grain  size  and  the  sand  and  gravel  is  graded  in  such  a  way 
that  fine  deposits  from  the  aquifer  cannot  clog  the  natural 
pack. 

Artificial  pack  wells  are  usually  justified  when  the  aquifer 
is  homogeneous,  has  a  uniformity  coefficient  less  than  3.0, 
and  has  an  effective  grain  size  less  than  0.01  inch  (Ahrens, 
1957).  In  addition,  an  artificial  pack  is  sometimes  needed 
to  stabilize  well-graded  aquifers  having  a  large  percentage 
of  fine  materials  in  order  to  avoid  excessive  settlement  of 
materials  above  the  screen  or  to  permit  the  use  of  larger 
screen  slots. 

The  uniformity  coefficient  Cu  is  the  ratio  of  the  sieve 


size  that  will  retain  40  per  cent  of  the  aquifer  materials  to 
the  effective  size.  The  sieve  size  that  retains  90  per  cent  of 
the  aquifer  materials  is  the  effective  size. 

Careful  selection  of  the  artificial  pack  is  important  to 
prevent  the  clogging  of  the  pack  with  fine  materials  from 
the  aquifer.  The  proper  grain  size  for  an  artificial  pack  is 
selected  on  the  basis  of  the  mechanical  analysis  of  the 
aquifer.  A  criterion  that  has  been  successfully  used  in  Illi¬ 
nois  is  that  the  ratio  (P:A)  of  the  50-per-cent  sizes  of  the 
pack  and  the  aquifer  be  5  (Smith,  1954) . 

Artificial  packs  should  range  in  thickness  from  6  to  9 
inches.  To  avoid  segregation  or  bridging  during  placement 
a  uniform  grain  size  pack  should  be  used.  The  screen  slot 
opening  should  be  designed  so  that  at  least  90  per  cent  of 
the  size  fractions  of  the  artificial  pack  are  retained. 

The  design  of  a  natural  pack  well  is  somewhat  more 
involved,  as  the  screen  governs  in  large  part  the  extent  to 
which  development  is  accomplished.  One  of  the  important 
factors  in  the  design  of  natural  pack  well  screens  is  the 
width  of  the  screen  openings,  referred  to  as  slot  size.  The 
optimum  slot  size  is  selected  principally  on  the  basis  of  the 
grain  size  distribution  of  the  aquifer,  but  geohydrologic 
conditions  also  play  an  important  role.  Slot  sizes  are  selected 
which  will  allow  a  definite  proportion  of  fine  materials  to 
pass  into  the  well.  The  fines  are  removed  from  the  well  with 
a  bailer,  and  such  methods  as  surging  are  used  to  draw  the 
finer  material  out  of  the  aquifer  around  the  well  and  there¬ 
by  provide  improved  permeability  in  the  immediate  vicinity 
of  the  screen. 

With  a  uniformity  coefficient  greater  than  6  (a  hetero¬ 
geneous  aquifer)  and  in  the  case  where  the  materials  over- 
lying  the  aquifer  are  fairly  firm  and  will  not  easily  cave, 
the  sieve  size  that  retains  30  per  cent  of  the  aquifer  mate¬ 
rials  is  generally  selected  as  the  slot  size.  With  a  uniformity 
coefficient  greater  than  6  and  in  the  case  where  the  mate¬ 
rials  overlying  the  aquifer  are  soft  and  will  easily  cave,  the 
sieve  size  that  retains  50  per  cent  of  the  aquifer  materials 
is  selected  as  the  slot  size. 

With  a  uniformity  coefficient  as  low  as  3  (a  homogeneous 
aquifer)  and  in  the  case  where  the  materials  overlying  the 
aquifer  are  fairly  firm  and  will  not  easily  cave,  the  sieve 
size  that  retains  40  per  cent  of  the  aquifer  materials  is 
selected  as  the  slot  size.  With  a  uniformity  coefficient  as  low 
as  3  and  in  the  case  where  the  materials  overlying  the 
aquifer  are  soft  and  will  easily  cave,  the  sieve  size  that 
retains  60  per  cent  of  the  aquifer  materials  is  selected  as 
the  slot  size. 

A  well  sometimes  encounters  several  layers  of  sand  and 
gravel  having  different  grain  sizes  and  gradations.  If  the 
50-per-cent  size  of  the  materials  in  the  coarsest  aquifer  is 
less  than  4  times  the  50-per-cent  size  of  the  materials  in  the 
finest  aquifer,  the  slot  size  and  pack,  if  needed,  should  be 
selected  based  on  the  mechanical  analysis  of  the  finest  mate¬ 
rial  (Ahrens,  1957).  Otherwise,  the  slot  size  and  pack 
should  be  tailored  to  individual  layers. 

The  screen  length  is  based  on  the  effective  open  area  of 
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a  screen  and  an  optimum  screen  entrance  velocity.  When  a 
screen  is  placed  in  an  aquifer,  sediment  will  settle  in  around 
it  and  partially  block  the  slot  openings.  The  amount  of 
blocking  depends  largely  upon  the  shape  and  type  of  slot 
and  the  shape,  size,  and  sorting  of  the  aquifer  or  pack 
material.  On  the  average  about  one-half  the  open  area  of 
the  screen  will  be  blocked  by  aquifer  material.  Thus,  the 
effective  open  area  averages  about  50  per  cent  of  the  actual 
open  area  of  a  screen.  Little  or  no  increase  in  well  efficiency 
results  from  actual  open  areas  greater  than  15  per  cent  of 
the  total  surface  area  of  the  screen  (Corey,  1949). 

To  insure  a  long  service  life  by  avoiding  migration  of 
fine  materials  toward  the  screen  and  subsequent  clogging 
of  the  well  wall  and  screen  openings,  screen  length  is  based 
on  velocities  between  2  and  12  feet  per  minute  (fpm).  In 
general,  aquifers  of  low  permeability  are  composed  of  finer 
grained  material  than  aquifers  of  high  permeability.  The 
possibility  of  clogging  openings  depends  in  large  part  upon 
the  grain  size  of  the  finer  aquifer  materials,  and  there  is  a 
relationship  between  optimum  screen  entrance  velocities 
and  the  coefficient  of  permeability  of  the  aquifer.  A  study 
was  made  of  several  actual  case  histories  of  well  failures 
due  to  the  partial  clogging  of  the  well  walls  and  screen 
openings,  resulting  in  values  in  table  4. 


are  in  most  instances  the  same.  The  casing  should  be  at 
least  2  inches  larger  than  the  nominal  diameter  of  the 
pump  bowl.  The  following  are  well  diameters  that  have 
been  used  in  Illinois  (Smith,  1961)  : 


Pumping 

rate 

igp m) 

125 

300 

600 

1200 

2000 

3000 


Diameter 
of  well 

{in.) 

6 

8 

10 

12 

14 

16 


The  open  area  of  a  screen  increases  with  the  diameter 
of  the  screen;  thus  selection  of  well  diameter  may  depend 
upon  the  desired  open  area  rather  than  the  probable  pump 
required. 

In  order  to  install  and  maintain  pumping  equipment, 
the  well  should  be  straight  and  plumb.  The  alignment  of 
a  well  should  be  kept  within  practical  limits.  The  standard 
specifications  for  deep  wells  adopted  by  the  American  Water 
Works  Association  includes  the  following  requirements: 


Table  4.  Optimum  screen  entrance  velocities 


Coefficient  of 
permeability 
(gpd/sq  ft) 

Optimum  screen 
entrance  velocities 

>  6000 

12 

6000 

11 

5000 

10 

4000 

9 

3000 

8 

2500 

7 

2000 

6 

1500 

5 

1000 

4 

500 

3 

<  500 

2 

The  permeability  of  the  aquifer  is  determined  from 
aquifer  tests.  To  prevent  rapid  clogging  of  screen  and 
formation,  the  length  of  screen  for  a  natural  pack  well  is 
selected  using  table  4  and  the  following  equation: 

u  =  Q/7.48T0Fe  (71) 

where: 

L.,  =  optimum  length  of  screen,  in  ft 

Q  =  discharge,  in  gpm 

A0  =  effective  open  area  per  foot  of  screen,  in  sq  ft 

V c  =  optimum  entrance  velocity,  in  fpm 

The  same  procedure  is  followed  in  selecting  the  optimum 
length  of  screen  for  an  artificial  pack  well  except  that  the 
average  of  the  permeabilities  of  the  aquifer  and  pack  is 
used  to  determine  the  optimum  screen  entrance  velocity. 

Smith  (1961)  describes  another  method  for  determining 
optimum  length  of  screens. 

Well  diameters  are  usually  determined  by  the  probable 
pump  required;  nominal  diameters  of  screens  and  casings 


“Plumbness  and  alignment  shall  be  tested  by  lowering 
into  the  well  to  a  depth  at  least  as  great  as  the  lowest 
anticipated  pump  setting  a  section  of  pipe  40  feet  long  or 
a  dummy  of  the  same  length.  The  outer  diameter  of  the 
pump  shall  not  be  more  than  /i  inch  smaller  than  the 
diameter  of  that  part  of  the  casing  or  hole  being  tested. 
If  a  dummy  is  used  it  shall  consist  of  a  rigid  spindle  with 
3  rings,  each  ring  being  12  inches  wide.  The  rings  shall 
be  truly  cylindrical  and  shall  be  spaced  one  at  each  end 
of  the  dummy  and  one  ring  in  the  center  thereof.  I  he 
central  member  of  the  dummy  shall  be  rigid  so  that  it 
will  maintain  the  alignment  of  the  axis  of  the  rings. 

“Should  the  dummy  fail  to  move  freely  throughout 
the  depth  to  be  tested  or  should  the  well  vary  from  the 
vertical  in  excess  of  %  of  the  smallest  inside  diameter  or 
beyond  limitations  of  this  test,  the  plumbness  and  align¬ 
ment  of  the  well  shall  be  corrected  by  the  contractor  at 
his  own  expense.” 

Methods  for  checking  the  alignment  and  plumbness  of 
wells  are  described  in  the  January-February,  1960,  edition 
of  The  Johnson  National  Drillers’  Journal. 


S pacing  of  Wells 

The  problem  of  spacing  production  wells  is  frequently 
encountered.  The  farther  apart  wells  are  spaced  the  less 
their  mutual  interference  but  the  greater  the  cost  of  con¬ 
necting  pipeline  and  electrical  equipment.  I  he  spacing  of 
wells  is  often  dictated  by  practical  considerations  such  as 
property  boundaries  and  existing  distribution  pipe  networks. 
The  following  discussion  is  concerned  only  with  the  influ- 


29 


ence  of  aquifer  characteristics  and  economics  on  the  spacing 
of  production  wells. 

Theis  (1957)  derived  the  following  equation  for  deter¬ 
mining  the  optimum  well  spacing  in  the  simple  case  of  two 
wells  pumping  at  the  same  rate  from  a  thick  and  areally 
extensive  aquifer: 

rs  =  2.4x1 08cpQ2/kT  (72) 

where : 

rx  =  optimum  well  spacing,  in  ft 

cp  —  cost  to  raise  a  gallon  of  water  1  foot,  consisting 
largely  of  power  charges,  but  also  properly  includ¬ 
ing  some  additional  charges  on  the  equipment,  in 
dollars 

k  =  capitalized  cost  for  maintenance,  depreciation, 
original  cost  of  pipeline,  etc.,  in  dollars  per  year 
per  foot  of  intervening  distance 

Q  =  pumping  rate  of  each  well,  in  gpm 

T  =  coefficient  of  transmissibility,  in  gpd/ft 

For  small  values  of  T  and  Q,  rs  from  equation  72  is  of 
no  practical  significance.  Because  the  effects  of  partial  pene¬ 
tration  are  appreciable  within  a  distance  of  about  twice  the 


saturated  thickness  of  the  aquifer,  2  m,  from  the  production 
well,  it  is  generally  advisable  to  space  wells  at  least  a  dis¬ 
tance  of  2  m  apart  in  aquifers  100  or  less  feet  thick.  Expe¬ 
rience  has  shown  that  in  the  case  of  a  multiple  well  system 
consisting  of  more  than  2  wells  the  proper  spacing  between 
wells  is  at  least  250  feet. 

Production  wells  should  be  spaced  parallel  to  and  as  far 
away  as  possible  from  barrier  boundaries  and  as  near  to  the 
center  of  a  buried  valley  as  possible.  Wells  should  be  spaced 
on  a  line  parallel  to  a  recharge  boundary  and  as  close  to 
the  source  of  recharge  as  possible. 

Theis  (1941)  derived  the  following  equation  to  determine 
the  permissible  distance  between  production  and  disposal 
wells  in  an  areally  extensive  isotropic  aquifer: 

U  =  2Qd/Tl  (73) 

where: 

rd  =  permissible  distance  between  production  and  dis¬ 
posal  wells  to  prevent  recirculation  of  water,  in  ft 
Qd  =  pumping  and  disposal  rate,  in  gpd 

T  =  coefficient  of  transmissibility,  in  gpd/ft 

I  =  natural  hydraulic  gradient  of  water  table  or  piezo¬ 
metric  surface,  in  ft/ft 
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» a  r  t  3.  Illustrative  Examples  of  Analyses 

Practical  applications  of  the  formulas  and  methods  described  in  Part  1  and  Part  2 
of  this  report  are  shown  in  the  following  examples.  These  illustrate  analyses  based  on 
actual  field  data  for  most  of  the  major  analytical  methods  discussed. 


iarometric  Efficiency  of  a  Well 


Figure  19  shows  the  effect  of  atmospheric-pressure  fluc- 
;uations  (Roberts  and  Romine,  1947)  on  the  water  level  in 
i  well  which  is  located  in  Champaign  County  near  the 
tillage  of  Savoy  in  east-central  Illinois.  The  well  was  drilled 
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Figure  19.  Effect  of  atmospheric  pressure  fluctuations  on 
the  water  level  in  a  well  at  Savoy 


in  1944  to  supply  water  for  the  construction  of  the  Univer¬ 
sity  of  Illinois  airport,  is  169  feet  deep,  and  is  cased  with 
8-inch  I.D.  pipe.  Thirteen  feet  of  7.5-inch-diameter,  wire- 
wound,  50-slot  screen  is  exposed  to  the  aquifer.  The  non¬ 
pumping  level  was  about  70  feet  below  land  surface  in  May 
1945.  The  aquifer  is  15  feet  of  glacial  sand  and  gravel 
overlying  shales  of  Pennsylvanian  age.  Till  with  a  very  low 
permeability  and  154  feet  thick  overlies  the  aquifer. 

The  barometric  efficiency  of  the  well  was  computed  to 
be  about  52  per  cent  by  substituting  data  on  water-level 
and  atmospheric-pressure  changes  in  equation  3  as  shown 
in  figure  19. 

Aquifer-Test  Data  Under 
Leaky  Artesian  Conditions 

An  aquifer  test  was  made  by  G.  E.  Neher  of  the  State 
Water  Survey  in  cooperation  with  Marbry  &  Johnson,  Inc., 
consulting  engineers,  and  E.  C.  Baker  &  Sons,  well  con¬ 
tractor,  on  July  2  and  3,  1951.  A  group  of  wells  (figure  20) 
located  in  Effingham  County  about  1  mile  southwest  of 
the  corporate  limits  of  the  village  of  Dieterich  in  sec.  22, 
T7N,  R7E  was  used.  The  generalized  graphic  logs  of  the 
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wells  are  given  in  figure  21.  The  effects  of  pumping  well 
18  were  measured  in  observation  wells  15,  16,  and  19. 
Pumping  was  started  at  2:10  p.m.  on  July  2  and  was  con¬ 
tinued  for  a  period  of  about  20  hours  at  a  constant  rate  of 
25  gpm  until  10:00  a.m.  on  July  3. 


EXPLANATION 
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(FROM  WALTON,  1960a) 


Figure  2  I .  Generalized  graphic  logs  of  wells  used  in  test  near  Dieterich 

Drawdowns  in  the  pumped  well  and  observation  wells 
were  determined  by  comparing  the  extrapolated  graphs  of 
water  levels  measured  before  pumping  started  with  graphs 
of  water  levels  measured  during  the  pumping  period.  Draw¬ 
downs  were  plotted  against  time  on  logarithmic  paper.  The 


Figure  22.  Time-drawdown  graph  for  well  19  near  Dieterich 
Table  5.  Time-drawdown  data  for  well  19  near  Dieterich 


Time  after 
pumping  started 
(win) 

Drawdown 

(JO 

5 

0.76 

28 

3.30 

41 

3.59 

60 

4.08 

75 

4.39 

244 

5.47 

493 

5.96 

669 

6.11 

958 

6.27 

1129 

6.40 

1185 

6.42 

Q.  =  25  gpm  and  r  =  96  ft 


time-drawdown  field  data  graph  for  observation  well  19  is 
given,  as  an  example,  in  figure  22.  Time-drawdown  data  for 
observation  well  19  is  given  in  table  5. 

The  time-drawdown  field  data  graph  was  superposed  on 
the  family  of  leaky  artesian  type  curves.  The  time-draw¬ 
down  field  data  curve  closely  follows  but  falls  slightly  below 
the  r/B  =  0.2  type  curve.  By  interpolation  an  r/B  =  0.22 
type  curve  was  selected  as  analogous  to  the  time-drawdown 
field  data  curve.  Match-point  coordinates  and  an  r/B 
value  of  0.22  were  substituted  into  equations  9,  10,  and  1 1 
to  compute  coefficients  of  transmissibility,  vertical  perme¬ 
ability,  and  storage.  Computations  for  well  19  are  given  in 
figure  22. 


Table  6.  Distance-drawdown  data  for  test  near  Dieterich 


Well 

Distance  from 
pumped  well 

number 

c/o 

(f» 

15 

234 

3.25 

16 

92 

6.70 

19 

94 

6.42 

=  25  gpm  and  1 

=  1185  min 

Drawdowns  in  observation  wells  15,  16,  and  19  (table 
6)  at  the  end  of  the  test  when  steady-state  conditions 
prevailed  were  plotted  on  logarithmic  paper  against  the 
distances,  from  the  respective  observation  wells  to  the 
pumped  well,  to  describe  a  distance-drawdown  field  data 
curve.  The  steady-state  type  curve  was  matched  to  the 
distance-drawdown  field  data  curve  and  match-point  co¬ 
ordinates  were  substituted  in  equations  12  and  13  for 
computation  of  coefficients  of  transmissibility  and  vertical 
permeability  as  shown  in  figure  23. 
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Figure  23.  Distance-drawdown  graph  for  test  near  Dieterich 


The  average  values  of  T,  S,  and  P'  computed  by  using 
time-drawdown  and  distance-drawdown  data  are  1500 
gpd/ft,  0.0002,  and  0.10  gpd/sq  ft,  respectively.  As  indi¬ 
cated  by  the  distance-drawdown  curve  shown  in  figure  23, 
the  20-hour  test  sampled  an  area  of  the  aquifer  within  a 
radius  of  roughly  2000  feet.  The  coefficients  computed  from 
the  results  of  the  test  represent  the  average  hydraulic 
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roperties  of  the  aquifer  and  confining  bed  within  that  cone 
f  depression. 

The  test  at  Dieterich  was  chosen  as  an  example  to 
emonstrate  analysis  of  data  under  leaky  artesian  condi- 
10ns  partly  because,  as  shown  in  figure  20,  the  wells  are 
ear  a  possible  source  of  recharge  (Dieterich  Creek).  Two 
iterpretations  of  the  test  data  are  therefore  possible  if  the 
fleets  of  partial  penetration  are  excluded.  The  decrease 
n  the  time-rate  .of  drawdown  can  be  attributed  either  to 
he  effects  of  leakage  through  the  confining  bed  or  to  the 
fleets  of  induced  infiltration  of  surface  water  (recharge 
loundary) . 

Available  geohydrologic  data  indicate  that  Dieterich 
>eek  is  not  a  recharge  boundary.  The  stream  bed  rests  on 
:layey  materials  and  has  not  cut  into  the  aquifer.  In  addi- 
ion,  the  stream  bed  is  silted  and  is  relatively  impermeable, 
rhe  stream  bed  is  only  a  few  feet  wide  and  streamflow  (135 
;pm  at  the  time  of  the  test)  during  the  summer  and  fall 
months  is  low. 

The  results  of  the  aquifer  test  lend  support  to  this  inter¬ 
pretation.  If  Dieterich  Creek  were  a  recharge  boundary, 
the  cone  of  depression  would  be  distorted  and  distance- 
drawdown  and  time-drawdown  data  would  yield  differing 
results.  However,  values  of  T  and  P'  computed  from  both 
time-drawdown  and  distance-drawdown  data  agree,  indi¬ 
cating  that  Dieterich  Creek  is  not  a  recharge  boundary. 

Aquifer-Test  Data  Under 
Nonleaky  Artesian  Conditions 

Representatives  of  Layne- Western  Company  conducted 
an  aquifer  test  (see  Bruin  and  Hudson,  1955)  on  July  2, 
1953,  on  a  village  well  at  Gridley,  McLean  County,  Illinois. 
Village  officials,  L.  A.  Miller  &  Associates  as  consulting 
engineers,  and  the  State  Water  Survey  observed  the  test. 
A  group  of  wells  (figure  24)  located  within  the  corporate 
limits  of  the  village  of  Gridley  in  sec.  4,  T26N,  R3E  was 
used.  The  generalized  graphic  logs  of  the  wells  are  given  in 
figure  25.  The  effects  of  pumping  well  3  were  measured  in 
observation  wells  1  and  2.  Pumping  was  started  at  9:45 
a.m.  on  July  2,  and  was  continued  at  a  constant  rate  of 
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Figure  25.  Generalized  graphic  logs  at  wells  used  in  lest  at  Gridley 

Drawdowns  in  the  pumped  well  and  in  the  observation 
wells  were  plotted  against  time  on  semilogarithmic  and 
logarithmic  paper,  respectively.  The  time-drawdown  field 
data  graph  for  the  pumped  well  and  for  observation  well  1 
are  given  in  figures  26  and  27,  respectively.  Time-drawdown 


Figure  26.  Time-drawdown  graph  for  well  3  at  Gridley 
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Table  7.  Time-drawdown  data  tor  well  1  at  Gridley 


Time  after 
pumping  started 
(min) 

Drawdow 

(/<) 

3 

0.3 

5 

0.7 

8 

1.3 

12 

2.1 

20 

3.2 

24 

3.6 

30 

4.1 

38 

4.7 

47 

5.1 

50 

5.3 

60 

5.7 

70 

6.1 

80 

6.3 

90 

6.7 

100 

7.0 

130 

7.5 

160 

8.3 

200 

8.5 

260 

9.2 

320 

9.7 

380 

10.2 

500 

10.9 

Q  =  220  gpm  and  r  =  824  ft 


Table  8.  Time-drawdown  data  for  well  3  at  Gridley 


Time  after 
pumping  started 
(min) 

Drawdown 

(/<) 

15 

24.8 

25 

25.5 

45 

26.6 

60 

27.3 

76 

28.0 

90 

28.2 

132 

29.0 

166 

29.5 

195 

30.3 

256 

30.5 

282 

30.6 

314 

30.7 

360 

30.8 

430 

31.5 

220  gpm 

The  time-drawdown  field  data  graph  for  well  1  was 
superposed  on  the  nonleaky  artesian  type  curve  because 
leakage  was  not  measurable  during  the  test.  Match-point 
coordinates  and  equations  14  and  15  were  used  to  deter¬ 
mine  the  hydraulic  properties  of  the  aquifer.  Computations 
are  given  in  figure  27. 

A  straight  line  was  fitted  to  the  time-drawdown  field 
data  graph  for  the  pumped  well  as  shown  in  figure  26.  The 
slope  of  the  line  was  substituted  into  equation  23  to  calcu¬ 
late  the  coefficient  of  transmissibility.  The  coefficient  of 
storage  cannot  be  determined  because  the  effective  radius 
of  the  pumped  well  is  not  known  and  the  total  drawdown 
in  the  pumped  well  is  affected  by  well  loss. 

The  average  values  of  7’  and  S  computed  by  using  time- 
drawdown  data  are  1  1,000  gpd/ft  and  2.2xlO-',  respectively. 


Aquifer-Test  Data  Under 
Water-Table  Conditions 


An  aquifer  test  was  made  by  W.  H.  Walker  of  the  State 
Water  Survey  in  cooperation  with  the  owner,  the  Cater¬ 
pillar  Tractor  Co.,  and  Layne- Western  Co.,  well  contractor, 
on  December  22  and  23,  1958.  A  group  of  wells  (figure  28) 
located  about  3  miles  north  of  Mossville,  Peoria  County,  in 
sec.  15,  T10N,  R8E  was  used.  The  generalized  graphic  logs 
of  the  wells  are  given  in  figure  29.  The  effects  of  pumping 
well  4  were  measured  in  observation  wells  15  and  17.  Pump¬ 
ing  was  started  at  11:53  a.m.  on  December  22  and  was 
continued  for  about  24  hours  at  a  constant  rate  of  1100 
gpm  until  11:45  a.m.  on  December  23. 
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Figure  28.  Map  showing  location  of  wells  used  in  test  near  Mossville 


E  XPLAN  ATION 

SOIL 

CLAY 

I;;- '/.-I  sand 

|?o°o|  GRAVEL 

n  NONPUMPING 
WATER  LEVEL 

SCREEN 


100 


Figure  29.  Generalized  graphic  logs  of  wells  used  in  lest  near  Mossville 


Drawdowns  in  the  pumped  well  and  observation  wells 
were  determined  by  comparing  the  extrapolated  graphs  of 
water  levels  measured  before  pumping  started  with  graphs 
of  water  levels  measured  during  the  pumping  period.  Draw- 
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downs  in  the  observation  wells  were  adjusted  for  the  effects 
if  dewatering  and  partial  penetration  with  equations  17 
ind  1 9  and  were  plotted  against  time  on  logarithmic  graph 
laper.  The  time-drawdown  field  data  graph  for  well  15  is 
riven  as  an  example,  in  figure  30.  Time-drawdown  data  for 
A'ell  15  are  also  given  in  table  9. 


Figure  30.  Time-drawdown  graph  for  well  15  near  Mossville 


Table  9.  Time-drawdown  data  for  well  15  near  Mossville 


Time  after 
pumping  started 
(min) 

Observed 

drawdown 

(ft) 

Drawdown  adjusted 
for  dewatering  and 
partial  penetration 

(/o 

i 

1.71 

1.48 

2 

1.74 

1.50 

3 

1.75 

1.51 

4 

1.76 

1.52 

5 

1.77 

1.53 

6 

1.76 

1.52 

7 

1.79 

1.55 

8 

1.80 

1.56 

9 

1.81 

1.57 

10 

1.83 

1.59 

11 

1.85 

1.61 

12 

1.86 

1.62 

15 

1.89 

1.65 

20 

1.93 

1.69 

25 

1.97 

1.72 

30 

2.00 

1.75 

40 

2.04 

1.79 

50 

2.08 

1.83 

60 

2.11 

1.86 

90 

2.18 

1.93 

120 

2.25 

1.99 

150 

2.34 

2.07 

180 

2.40 

2.13 

210 

2.46 

2.19 

243 

2.51 

2.23 

276 

2.56 

2.28 

341 

2.67 

2.38 

567 

2.90 

2.60 

667 

2.90 

2.60 

817 

2.97 

2.66 

1147 

3.23 

2.91 

Q  =  1100  gpm  and 

r  =  22  ft 

The  time-drawdown  field  data 

graph  was  superposed  on 

the  nonleaky  artesian 

type  curve. 

Emphasis  was  placed  on 

late  time-drawdown 

data,  based 

on  the  assumption  that 

early  time-drawdown  data  were  influenced  by  the  effects  of 
gravity  drainage  to  a  much  greater  degree  than  later  time- 
drawdown  data.  Match-point  coordinates  W (u) ,  \/u,  s, 
and  t  were  substituted  on  equations  14  and  15  to  determine 
T  and  S.  The  coefficient  of  permeability  was  then  com¬ 
puted.  The  value  of  ttw  was  estimated  with  equation  16 
and  the  computed  value  of  P  and  the  value  of  0 w  was  com¬ 
pared  with  the  region  of  early  time-drawdown  data  ignored 
in  matching  curves.  As  shown  in  figure  30,  tlw  is  about 
equal  to  the  time  the  type  curve  and  field  data  curve  start 
to  match,  indicating  that  the  solution  is  valid. 


Table  10.  Distance-drawdown  data  for  test  near  Mossville 


Well 

number 


Distance  from 
pumped  well 

(p) 


Drawdown  adjusted 
for  dewatering  and 
partial  penetration 

(/o 


15  22  2.91 

17  1125  0.32 


Q  =  1100  gpm  and  t  =  1 1  47  min 


Drawdowns  (table  10)  near  the  end  of  the  test  for  a 
pumping  period  of  1147  minutes  in  the  two  observation 
wells  were  plotted  on  logarithmic  paper  against  the  squares 
of  the  distances  from  the  respective  observation  wells  to 
obtain  a  distance-drawdown  field  data  curve.  The  nonleaky 
artesian  type  curve  was  matched  to  the  distance-drawdown 
curve  and  match-point  coordinates  W (u) ,  u,  s,  and  r2  were 
substituted  into  equations  14  and  15  to  determine  T  and  S 
as  shown  in  figure  31.  The  average  values  of  T  and  S 
computed  from  aquifer-test  data  are  340,000  gpd/ft  and 
0.09,  respectively. 


Figure  31.  Distance-drawdown  graph  for  test  near  Mossville 


The  results  of  the  test  indicate  that  the  coefficient  of 
storage  is  not  constant  but  depends  largely  on  the  time  of 
pumping  and  distance  from  the  pumped  well.  The  coeffi¬ 
cient  of  storage  appears  to  increase  with  time  and  to  de¬ 
crease  with  distance  from  the  pumped  well.  The  computed 
coefficients  of  storage  are  in  the  water-table  range  but  are 
much  less  than  the  specific  yield  of  the  deposits  which  is 
estimated  to  be  about  0.2.  The  coefficients  of  storage  com- 
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Figure  32.  Areal  geology  of  the  bedrock  surface  in  DuPage  County 
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(  FROM  ZEIZEL  ET  AL,  1962  ) 
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Figure  33 


Thickness  of  dolomite  of  Silurian  age  in  DuPage  County 


puted  from  test  data  apply  to  the  part  of  the  aquifer  de¬ 
watered  during  the  test. 

Two  interpretations  of  the  aquifer-test  data  are  possible: 
1)  placing  emphasis  on  early  time-drawdown  data  suggests 
that  all  later  drawdown  data  are  influenced  by  barrier 
boundaries;  2)  disregarding  the  first  hour  of  time-draw¬ 
down  data  and  placing  emphasis  on  later  time-drawdown 
data  suggests  that  barrier  boundaries  were  not  encountered 
during  the  test  but  that  early  data  deviate  from  theory 
because  of  the  effects  of  gravity  drainage.  If  barrier 
boundaries  were  encountered  during  the  test  the  cone  of 
depression  would  be  distorted.  As  a  result,  hydraulic  proper¬ 
ties  determined  from  late  distance-drawdown  data  would 
be  unreasonable  and  could  only  by  chance  agree  with 
hydraulic  properties  determined  from  late  time-drawdown 
data.  The  fact  that  values  of  hydraulic  properties  computed 
with  both  time-drawdown  and  distance-drawdown  data 
agree  within  reasonable  limits  lends  support  to  the  interpre¬ 
tation  that  the  cone  of  depression  did  not  encounter  barrier 
boundaries  and  that  early  time-drawdown  data  were 
affected  by  slow  gravity  drainage. 

Specific-Capacity  Data 
Statistical  Analysis 

In  DuPage  County  in  northeastern  Illinois  rocks  of  Silu¬ 
rian  age  immediately  underlie  the  glacial  drift  and  in  many 
areas  yield  large  quantities  of  water  to  wells.  In  addition, 
dolomite  beds  in  the  Maquoketa  Formation  of  Ordovician 
age  encountered  beneath  rocks  of  Silurian  age  yield  small 
to  moderate  quantities  of  ground  water  to  wells. 

Rocks  of  Silurian  age  are  the  Alexandrian  Series  over- 
lain  by  the  Niagaran  Series  (see  Zeizel  et  al,  1962).  Most 
of  the  bedrock  surface  beneath  the  glacial  drift  is  formed 
by  the  Niagaran  Series  as  shown  in  figure  32.  The  Alexan¬ 
drian  Series  is  the  uppermost  bedrock  in  small  areas  in  the 
southwestern  part  of  the  county. 

The  thickness  of  the  Silurian  rocks  increases  from  less 
than  50  feet  in  the  western  part  of  the  county  to  more  than 
200  feet  in  portions  of  the  southeastern  part,  as  shown  in 
figure  33.  Where  valleys  occur  in  the  bedrock,  the  Silurian 
rocks  are  thinned.  In  the  bedrock  valley  in  the  north-central 
part  of  the  county,  Silurian  rocks  have  been  completely 
removed  by  erosion. 

Many  wells  extend  through  Silurian  strata  and  penetrate 
dolomite  beds  of  the  Maquoketa  Formation.  The  thickness 
of  the  Maquoketa  Formation  ranges  from  85  to  227  feet 
and  averages  Sbout  175  feet  in  DuPage  County. 

Ground  water  in  the  dolomite  aquifers  of  Silurian  and 
Ordovician  age  occurs  in  joints,  fissures,  and  solution  cavi¬ 
ties.  The  water-bearing  openings  are  irregularly  distributed 
both  vertically  and  horizontally,  and  the  yields  of  dolomite 
wells  vary  greatly  from  place  to  place. 

The  specific  capacities  of  dolomite  wells  in  the  county 
have  been  studied  (Zeizel  et  al,  1962)  in  detail,  and  this 
has  shed  much  light  on  the  water-yielding  properties  of  the 
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individual  units  of  the  dolomite  aquifers.  Specific  capacities 
of  dolomite  wells  range  from  0.6  to  530  gpm/ft  and  average 
42  gpm/ft. 

Many  wells  penetrate  only  rocks  of  the  Niagaran  (N) 
Series,  some  wells  penetrate  rocks  of  both  the  Niagaran 
and  Alexandrian  (A)  Series,  other  wells  penetrate  rocks 
of  the  Niagaran  and  Alexandrian  Series  and  the  Maquoketa 
(M)  Formation.  The  total  depth  of  penetration  of  wells 
and  the  depth  of  penetration  of  the  wells  into  each  unit 
were  determined  from  well  logs  and  sample  studies  of  drill 
cuttings. 

In  general,  the  specific  capacity  of  a  dolomite  well  in¬ 
creases  with  the  depth  of  penetration  and  number  of  units 
penetrated,  however,  the  upper  part  of  the  Silurian  rocks 
is  usually  the  most  productive.  Specific  capacities  were 
divided  by  the  total  depth  of  penetration  of  wells  to  obtain 
the  specific  capacities  per  foot  of  penetration. 

Wells  ,  were  segregated  into  three  categories,  N,  N  +  A, 
and  N  +  A  +  M,  depending  upon  the  units  penetrated 
by  wells.  Specific  capacities  per  foot  of  penetration  for  wells 
in  each  of  the  three  categories  were  tabulated  in  order  of 
magnitude,  and  frequencies  were  computed  with  equa¬ 
tion  34. 

Values  of  specific  capacity  per  foot  of  penetration  were 
then  plotted  against  the  percentage  of  wells  on  logarithmic 


Figure  34.  Specific  capacity  frequency  graphs  for  dolomite 
wells  in  DuPage  County 


Specific  capacities  per  foot  of  penetration  decrease  as  the 
depth  of  penetration  of  wells  and  number  of  units  pene¬ 
trated  increase,  indicating  that  both  the  Niagaran  and 
Alexandrian  Series  are  more  productive  than  the  Maquo¬ 
keta  Formation  and  the  Niagaran  Series  is  more  productive 
than  the  Alexandrian  Series. 

The  dolomite  unit-frequency  graphs  in  figure  35  were 


constructed  with  figure  34  by  the  process  of  subtraction 
taking  into  consideration  uneven  distribution  of  wells  in 
the  three  categories.  Based  on  the  slopes  of  the  dolomite 
unit-frequency  graphs,  the  Maquoketa  Formation  is  much 


Figure  35.  Specific  capacity  frequency  graphs  for  the  units 
penetrated  by  dolomite  wells  in  DuPage  County 


CLARENDON 
’  I  HILLS 


■~y.  DOWNERS 
,j  GROVE 


WESTMONT 


EXPLANATION 

AREAS  WHERE  SILURIAN  DOLOMITE  AQUIFER  IS  MISSING 
AREAS  WHERE  50  PERCENT  OF  WELLS  HAVE  ESTIMATED 
SPECIFIC  CAPACITIES  EQUAL  TO  OR  LESS  THAN: 

V//A  I0gpm/ft 

Hv/.-'j  20  gpm/ft 
1  |  80  gpm/ft 


WOODRIDGE 


- + 


ELMHURST 

i 


tAFTER  ZEIZEL  ET  AL,  1962)  SCALE  OF  MllES 


0  1  2  3  4  5  6 


Figure  36.  Estimated  specific  capacities  of  dolomite  wells 
in  DuPage  Coun ty 


less  consistent  in  production  than  both  the  Niagaran  and 
Alexandrian  Series,  and  the  productivity  of  the  Alexandrian 
Series  is  more  consistent  than  the  productivity  of  the  other 
dolomite  units. 

Because  the  productivity  of  the  Silurian  dolomite  aquifer 
is  inconsistent  it  is  impossible  to  predict  with  a  high  degree 
of  accuracy  the  specific  capacity  of  a  well  before  drilling  at 
any  location.  Probable  range  of  specific  capacities  of  wells 
can  be  estimated  based  on  the  frequency  graphs  in  figure 
34  and  the  map  in  figure  33.  Probable  specific  capacities  of 
dolomite  wells  estimated  by  multiplying  specific  capacities 
per  foot  of  drawdown  by  aquifer  thicknesses  are  shown  in 
figure  36.  The  map  is  based  on  specific  capacities  per  foot 
of  penetration  measured  in  50  per  cent  of  existing  wells  and 
on  the  assumption  that  wells  completely  penetrate  the 
Silurian  rocks. 

It  is  possible  to  drill  what  is  essentially  a  dry  hole  at  any 
location.  However,  based  on  existing  data,  the  chances  of 
obtaining  a  well  with  a  specific  capacity  of  more  than  20 
gpm/ft  are  good  in  most  areas  in  the  eastern  two-thirds 
of  the  county.  Wells  with  specific  capacity  less  than  10 
gpm/ft  may  be  expected  in  areas  in  the  southwestern  part 
of  the  county  and  in  the  north-central  part  where  the 
Niagaran  Series  is  thin  or  missing. 

Specific  capacity  frequency  graphs  for  dolomite  wells 
in  Cook,  DuPage,  Kane,  Lake,  McHenry,  and  Will  Coun¬ 
ties  in  northeastern  Illinois  are  given  in  figure  37.  In  north¬ 
eastern  Illinois  the  productivity  of  the  Silurian  rocks  is 
highest  in  the  eastern  part  of  Will  County  and  least  in  the 
western  part  of  Will  County.  Specific  capacities  of  wells  in 
DuPage  County  are  slightly  less  than  specific  capacities  of 
wells  in  eastern  Will  County.  The  specific  capacities  in 
figure  37  are  for  a  radius  of  6  inches  and  a  pumping  period 
of  8  hours. 
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Yields  of  Deep  Sandstone  Wells 
And  the  Effects  of  Shooting 

Most  deep  sandstone  wells  in  northern  Illinois  tap  several 
bedrock  units  and  are  multiunit  wells.  The  Galena-Platte- 
ville  Dolomite,  Glenwood-St.  Peter  Sandstone,  and  Prairie 
du  Chien  Series  of  Ordovician  age;  and  the  Trempealeau 
Dolomite,  Franconia  Formation,  Ironton-Galesville  Sand¬ 
stone,  and  Mt.  Simon  Sandstone  of  Cambrian  age  yield 
appreciable  quantities  of  water  to  wells.  During  1906-1960, 
well-production  tests  were  made  by  the  State  Water  Survey 
on  more  than  500  deep  sandstone  wells  in  northern  Illinois. 
Specific-capacity  data  were  studied  by  Walton  and  Csallany 
(1962)  to  determine  the  role  of  the  individual  bedrock 
units  uncased  in  deep  sandstone  wells  as  contributors  of 
water  and  to  appraise  the  effects  of  shooting  the  deep  sand¬ 
stone  wells. 

Wells  were  grouped  into  categories  according  to  the 
units  uncased  in  the  wells.  The  yields  of  the  individual 
units  were  ascertained  taking  into  consideration  that  the 
specific  capacity  of  a  multiunit  well  is  the  numerical  sum 
of  the  specific  capacities  of  the  individual  units. 
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Figure  38.  Specific  capacities  of  wells  uncased  in  the  Glenwood-St.  Peter 
Sandstone  I A I  and  the  Prairie  du  Chien  Series,  Trempealeau  Dolomite, 
and  Franconia  Formation  IB)  in  northeastern  Illinois 
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Figure  39.  Specific  capacities  of  wells  uncased  in  the  Cambrian- 
Ordov ician  Aquifer,  theoretical  (A)  and  actual  ( B ) 
in  northeastern  Illinois 


Regional  variations  in  yields  are  shown  for  the  Glenwood- 
St.  Peter  Sandstone  and  the  Prairie  du  Chien  Series,  Trem¬ 
pealeau  Dolomite,  and  Franconia  Formation,  figure  38;  and 
for  the  Cambrian-Ordovician  Aquifer,  figure  39.  Rocks 
consisting  in  downward  order  of  the  Galena-Platteville 
Dolomite,  Glenwood-St.  Peter  Sandstone,  and  Prairie  du 
Chien  Series  of  Ordovician  age;  Trempealeau  Dolomite, 
Franconia  Formation,  and  Ironton-Galesville  Sandstone  of 
Cambrian  age  are  collectively  called  the  Cambrian-Ordo¬ 
vician  Aquifer  (Suter  et  al,  1959).  The  specific  capacity  of 
a  well  increases  with  the  thickness  of  the  Glenwood-St.  Peter 
Sandstone  but  is  not  directly  proportional  to  thickness  as 
shown  in  figure  40A.  The  yields  of  wells  per  foot  of  pene¬ 
tration  in  the  Mt.  Simon  Aquifer  are  fairly  constant  with 
depth  throughout  northern  Illinois  as  shown  in  figure  40B. 
The  yields  of  wells  in  the  Ironton-Galesville  Sandstone  are 
fairly  constant  and  average  about  3.5  gpm/ft. 

Explosives  have  been  successfully  used  to  develop  newly 
constructed  deep  sandstone  wells.  Many  wells  are  shot  with 
nitroglycerine  opposite  several  areas  in  the  well  bore.  Shoot¬ 
ing  is  normally  accomplished  with  liquid  or  solidified  nitro- 
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UNCASED  THICKNESS  OF  MT.  SIMON  AQUIFER,  IN  FEET 

Figure  40.  Relation  between  the  specific  capacity  of  a  well  and  the 
uncased  thickness  of  the  Glenwood-St.  Peter  Sandstone  IAI  and 
the  uncased  thickness  of  the  Ml.  Simon  Aquifer  IB) 

glycerine.  Shots  of  approximately  100  to  600  pounds  of  80 
to  100  per  cent  nitroglycerine  are  usually  exploded  opposite 
the  most  permeable  zones  of  a  formation  and  are  commonly 
spaced  vertically  20  feet  apart.  Shots  are  often  exploded 
opposite  the  lower  80  feet  of  the  Ironton-Galesville  Sand¬ 
stone  and  occasionally  opposite  the  middle  80  feet  of  the 
St.  Peter  Sandstone.  The  explosions  loosen  quantities  of 
rock,  varying  from  a  few  cubic  feet  to  several  hundred 
yards,  that  have  to  be  bailed  out  of  the  wells. 

Careful  study  (Walton  and  Csallany,  1962)  of  the  effects 
of  shooting  suggests  that  in  most  cases  the  yields  of  deep 
sandstone  wells  are  increased  because  1 )  the  hole  is  en¬ 
larged  and  2)  fine  materials  deposited  during  drilling  on 
the  well  face  and  in  the  well  wall  are  removed.  Enlarging 
the  effective  diameter  of  the  well  bore  by  shooting  results 
in  an  average  increase  in  the  specific  capacity  of  a  well  of 
about  10  per  cent.  The  yield  of  a  newly  completed  well  is 
on  the  average  increased  about  20  per  cent  by  removing 
fine  materials  from  the  well  face  and  well  wall.  Average 


increases  in  the  yields  of  newly  completed  wells  uncased  in 
the  various  units  or  aquifers  are  listed  in  table  1 1. 

Table  1  1.  Results  of  shooting  deep  sandstone 
wells  in  northern  Illinois 

Average  increase 
in  specific  capacity 


Units  or  aquifers  doe  to  shooting 

uncased  in  well  (Per  cenl) 

Glenwood — St.  Peter  Sandstone  38 

Cambrian — Ordovician  Aquifer  22 

Ironton — Galesville  Sandstone  30 

Cambrian — Ordovician  and 

Mt.  Simon  Aquifers  25 

From  Walton  and  Csallany  {1962) 


Methods  used  to  predict  the  yield  of  a  hypothetical  well 
in  sec.  18,  T38N,  R12E,  and  the  effects  of  shooting  are 
described  in  detail  below  to  demonstrate  the  usefulness  of 
figures  38  through  41,  and  table  1 1.  Suppose  that  the  hypo¬ 
thetical  well  is  20  inches  in  diameter,  drilled  to  the  base 
of  the  Ironton-Galesville  Sandstone,  and  is  uncased  in  all 
units  of  the  Cambrian-Ordovician  Aquifer.  The  problem 
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is  to  estimate  the  specific  capacity  of  the  hypothetical  well 
for  a  pumping  period  of  7  hours  and  to  estimate  the  effects 
of  shooting  the  well.  From  figure  39B  a  specific  capacity 
of  about  7.1  gpm/ft  is  predicted.  However,  figure  39B 
assumes  that  the  thickness  of  the  Glenwood-St.  Peter  Sand¬ 
stone  is  200  feet,  the  diameter  of  the  well  is  12  inches,  and 
the  pumping  period  is  12  hours.  Figure  41  indicates  that 
the  thickness  of  the  Glenwood-St.  Peter  Sandstone  is  about 
200  feet  at  the  site  of  the  hypothetical  well.  If  the  thickness 
were  greater  or  less  than  200  feet,  figure  40A  would  have 
to  be  used  to  adjust  the  specific  capacity  obtained  from 
figure  39B  for  the  actual  thickness  of  the  Glenwood-St. 
Peter  Sandstone  at  the  well  site.  The  specific  capacity  from 
figure  39B  was  adjusted  to  a  diameter  of  20  inches  and  a 
pumping  period  of  7  hours  with  equation  33.  The  adjusted 
specific  capacity  is  about  7.8  gpm/ft. 

Well  loss  has  not  been  considered  in  the  adjusted  specific 
capacity  because  figure  39B  assumes  that  the  well  loss  is 
negligible.  Suppose  that  the  hypothetical  well  is  pumped 
at  a  rate  of  400  gpm.  The  total  drawdown  in  the  well  is 
equal  to  the  drawdown  (aquifer  loss)  due  to  the  laminar 
flow  of  water  through  the  aquifer  towards  the  well  plus  the 
drawdown  (well  loss)  due  to  the  turbulent  flow  of  water  as 
it  enters  the  well  itself  and  flows  upward  through  the  bore 
hole.  The  aquifer  loss  can  be  computed  by  dividing  the 
assumed  pumping  rate,  400  gpm,  by  the  adjusted  specific 
capacity,  7.8  gpm/ft,  and  is  about  51  feet.  A  reasonable 
estimate  for  the  well-loss  constant  of  a  properly  constructed 
deep  sandstone  well  is  5  sec2/ft5.  The  well  loss  can  be 
computed  by  substituting  the  estimated  well-loss  constant 
and  the  assumed  pumping  rate,  expressed  in  cfs,  into  equa¬ 
tion  67  and  is  about  4  feet.  Taking  into  consideration  well 
loss,  a  total  drawdown  of  55  feet  is  computed  and  a  specific 
capacity  of  7.3  gpm/ft  (400  gpm/ 55  ft)  is  estimated  for 
the  hypothetical  well. 

The  estimated  specific  capacity  assumes  that  the  efficiency 


of  the  hypothetical  well  is  average  or  about  80  per  cent. 
Figure  39A  shows  that  if  the  hypothetical  well  is  100  per 
cent  efficient  it  would  have  a  specific  capacity  of  about 
8.5  gpm/ft.  Considering  specific  capacities  based  on  both 
80  and  100  per  cent  efficient  wells,  it  is  probable  that  the 
yield  of  the  hypothetical  well  will  be  less  than  8.5  gpm/ft 
and  at  least  7.0  gpm/ft.  A  specific  capacity  of  about  7.5 
gpm/ft  is  a  reasonable  estimate  for  the  predicted  yield  of 
the  hypothetical  well  in  light  of  the  data  given  in  figure  39. 
The  predicted  specific  capacity  compares  favorably  with 
the  actual  yield,  7.7  gpm/ft,  of  an  existing  production  well 
near  the  site  of  the  hypothetical  well  (see  figure  41). 

The  increase  in  specific  capacity  due  to  shooting  the 
hypothetical  well  can  be  predicted  with  reasonable  accuracy. 
Table  1 1  shows  that  the  average  per  cent  increase  in  specific 
capacity  due  to  shooting  the  Cambrian-Ordovician  Aquifer 
is  about  22.  The  average  increase  due  to  shooting  is  based 
on  records  of  wells  shot  only  opposite  the  lower  80  feet  of 
the  Ironton-Galesville  Sandstone  with  100  to  600  pounds  of 
80  to  100  per  cent  nitroglycerine.  Assuming  that  the  hypo¬ 
thetical  well  is  shot  under  the  above  conditions,  an  increase 
in  specific  capacity  of  about  1.7  gpm/ft  (7.5x0.22)  is  pre¬ 
dicted  due  to  shooting.  Thus,  if  the  well  were  shot  under 
average  conditions  it  would  have  a  specific  capacity  of 
about  9.2  gpm/ft  (7.5  +  1.7).  The  predicted  specific  capa¬ 
city  agrees  closely  with  the  observed  specific  capacity,  9.1 
gpm/ft,  of  a  nearby  existing  production  well  after  shooting. 

Because  the  yields  of  some  of  the  units  commonly  uncased 
in  wells  are  inconsistent  and  vary  from  place  to  place, 
estimates  based  on  the  regional  maps  can  be  in  error  locally. 
The  estimated  probable  yield  of  a  well  at  a  particular  site 
should  be  compared  with  observed  performance  data  for 
existing  nearby  production  wells.  With  sound  professional 
judgment  based  on  both  regional  and  local  yields  of  wells, 
the  yield  of  a  proposed  deep  sandstone  well  can  usually  be 
predicted  within  a  few  per  cent. 


Table  12.  Results  of  acid  treatment  of  dolomite  wells  in  DuPage  County 


Well  owner 

Depth 
of  well 

(/<) 

Diameter 
of  well 

(in.) 

Quantity 
of  acid 
used 
(gal) 

Period 
acid  left 
in  well 
(hr) 

City  of  Naperville 

178 

24 

336 

City  of  Naperville 

190 

24 

3000 

24 

City  of  Naperville 

202 

24 

1000 

Vl 

City  of  Naperville 

202 

24 

3000 

96 

City  of  West  Chicago 

310 

24 

3000 

— 

Glen  Oak  Country  Club 

212 

16 

600 

— 

Village  of  Villa  Park 

235 

12 

1500 

1 

Village  of  Villa  Park 

285 

8 

1500 

— 

City  of  Elmhurst 

290 

8 

3000 

— 

Village  of  Roselle 

182 

10 

1000 

24 

Village  of  Itasca 

181 

20 

1000 

— 

Village  of  Itasca 

190 

12 

1000 

20 

Village  of  Itasca 

190 

12 

2000 

72 

From  £eizel  et  al  (1962) 


Date  of 
acid 
treat¬ 
ment 

Before  acid  treatment 

After  acid 

treatment 

Per  cent 
improvement 
in  specific 
capacity 

Pumping 

rate 

(gpm) 

Specific 

capacity 

(gpm/ft) 

Pumping 

rate 

(gpm) 

Specific 

capacity 

(gpm/ft) 

12/43 

250 

4.2 

1000 

43.5 

935 

4/42 

390 

3.7 

825 

20.0 

441 

2/47 

285 

1.7 

285 

1.7 

none 

3/48 

285 

1.7 

570 

12.5 

635 

4/56 

375 

3.3 

800 

10.0 

203 

3/57 

311 

2.2 

450 

6.3 

187 

11/59 

175 

1.8 

200 

1.8 

none 

4/48 

200 

3.4 

369 

4.5 

33 

7/59 

335 

3.9 

300 

5.4 

39 

3/55 

140 

2.3 

170 

7.7 

235 

7/59 

75 

0.7 

50 

0.4 

none 

4/59 

156 

1.2 

250 

3.8 

216 

5/60 

250 

3.8 

400 

6.3 

66 
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Effects  of  Acid  Treatment 

Acid  treatment  has  been  used  successfully  to  develop 
newly  constructed  dolomite  wells  and  to  rehabilitate  old 
dolomite  wells  in  DuPage  County  (Zeizel  et  al,  1962). 
Several  wells  have  been  treated  with  inhibited  15  per  cent 
hydrochloric  acid  in  quantities  ranging  from  600  to  3000 
gallons.  Treatment  was  usually  performed  with  the  pump 
and  discharge  column  removed  from  the  well.  Acid  was 
introduced  through  a  temporary  line  extending  to  a  posi¬ 
tion  near  the  bottom  of  the  well.  The  solution  was  allowed 
to  stand  under  pressure  for  periods  ranging  from  30  minutes 
to  4  days.  The  pump  then  was  reinstalled  and  the  spent 
acid  was  removed  from  the  well  during  pumping  periods 
ranging  from  3  to  8  hours. 

Well-production  tests  were  made  on  a  few  wells  before 
and  after  acid  treatment.  The  results  of  the  tests  are  sum¬ 
marized  in  table  12.  There  is  an  extremely  wide  range 
(0  to  935  per  cent)  in  improvement.  Most  of  the  improve¬ 
ments  over  100  per  cent  were  recorded  for  rehabilitated 
wells;  improvements  generally  less  than  40  per  cent  were 
reported  for  newly  constructed  wells.  In  two  of  the  cases 
where  no  improvement  was  observed  the  acid  was  allowed 
to  stand  for  only  an  hour  or  less.  The  results  of  acid  treat¬ 
ment  of  two  wells  are  shown  graphically  in  figure  42. 
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Figure  42.  Step-drawdown  test  data  showing  the  results  of 
acid  treatment  of  dolomite  wells  in  DuPage  County 


When  wells  are  operated  at  high  pumping  rates  the 
pressure  of  the  water  in  the  dolomite  aquifer  is  greatly 
reduced,  carbon  dioxide  is  liberated,  and  the  water  is  un¬ 
able  to  hold  in  solution  its  load  of  mineral  salts.  Conse¬ 
quently,  calcium  carbonate  is  precipitated  in  the  openings 
of  the  well  face  and  well  wall,  greatly  reducing  their  perme¬ 


ability.  This  clogging  is  particularly  noticeable  in  wells  with 
pumping  levels  below  the  top  of  the  aquifer.  The  yields  of 
clogged  wells  can  often  be  restored  to  their  original  value 
by  acid  treatment. 

During  the  construction  of  many  dolomite  wells  some 
very  fine  drill  cuttings  invariably  infiltrate  a  short  distance 
into  the  water-yielding  openings  of  the  aquifer  and  reduce 
the  permeability  of  the  well  wall.  A  newly  completed  well 
is  often  less  than  100  per  cent  efficient  because  of  this  partial 
clogging  of  openings.  With  acid  treatment,  the  yield  of  a 
newly  completed  well  can  often  be  increased  by  removing 
the  fine  materials  which  have  migrated  into  the  formation. 

The  acid  reacts  with  drill  cuttings  in  openings  and  with 
the  dolomite  of  the  well  wall.  The  effect  of  the  reaction 
with  the  dolomite  of  the  well  wall  is  to  increase  the  radius 
of  the  well  bore.  Large  increases  in  the  radius  of  a  well  bore 
result  in  comparatively  small  increases  in  specific  capacity 
of  the  well  because  the  specific  capacity  varies  with  the 
logarithm  of  l/ri(,2.  Several  thousand  gallons  of  acid  can¬ 
not  dissolve  in  a  day  enough  bulk  dolomite  to  substantially 
increase  the  radius  of  the  well  bore.  4  hus,  large  increases 
in  the  yield  of  a  dolomite  well  cannot  be  attributed  to  well 
bore  enlargement.  However,  the  acid  will  penetrate  con¬ 
siderable  distances  along  the  fractures  and  will  widen  them 
and  increase  their  permeability.  In  addition,  the  acid  will 
dissolve  drill  cuttings  in  openings  and  increase  the  perme¬ 
ability  of  the  well  wall. 

The  effect  of  treatment  will  vary  according  to  the  perme¬ 
ability  of  the  well  wall  before  treatment.  A  tight  dolomite 
with  narrow  openings  will  respond  differently  than  one 
with  openings  of  appreciable  width.  Furthermore,  a  forma¬ 
tion  that  has  been  partially  clogged  during  drilling  will 
respond  differently  than  one  which  has  not  been  clogged. 

According  to  Muskat  (1937),  acid  treatment  will  be 
effective  if  the  dolomite  aquifer  has  extended  fractures  or 
the  openings  are  partially  clogged.  Increases  up  to  about 
50  per  cent  for  wells  of  initially  moderate  or  high  capacity 
may  be  explained  by  the  assumption  that  the  width  of 
water-yielding  openings  of  a  small  radial  zone  about  the 
well  bore  have  been  increased  and/or  that  drilling  cuttings 
partially  clogging  the  well  wall  have  been  removed.  Moder¬ 
ate  increases,  50  to  500  per  cent,  may  be  explained  by  the 
assumption  that  there  are  extended  fractures  in  the  dolo¬ 
mite  which  are  penetrated  and  widened  by  the  acid  and/or 
that  mild  clogging  is  the  principal  factor  governing  the 
initial  yield  of  the  well.  Wells  of  initially  low  capacity  often 
react  best  to  acid  treatment.  Increases  larger  than  500  per 
cent  can  only  be  explained  by  the  assumption  that  there  are 
extended  fractures  in  the  dolomite  which  are  penetrated 
and  widened  by  the  acid  and/or  that  there  was  initially  a 
condition  of  almost  complete  clogging  of  the  well  wall. 

Flow-Net  Studies 

The  results  of  two  flow-net  studies  made  in  northeastern 
Illinois  are  presented  in  detail  to  illustrate  the  applicability 
of  equations  35  and  38. 
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Figure  43.  Cross  sections  of  the  structure  and  stratigraphy  of  the  bedrock  and  piezometric  profiles 
of  the  Cambrian-Ordovician  Aquifer  in  northeastern  Illinois 
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Coefficient  of  Transmissibility 

The  piezometric  surface  of  the  Cambrian-Ordovician 
Aquifer  in  the  vicinity  of  the  city  of  Joliet  in  northeastern 
Illinois  was  studied  to  check  the  accuracy  of  the  coefficients 
of  transmissibility  computed  from  the  results  of  aquifer  tests. 
The  sequence,  structure,  and  general  characteristics  of  rocks 
in  northeastern  Illinois  are  shown  in  figure  43.  The  Cam¬ 
brian-Ordovician  Aquifer  is  underlain  by  shale  beds  of  the 
Eau  Claire  Formation  which  have  a  very  low  permeability, 
and  is  overlain  in  large  parts  of  northeastern  Illinois  by  the 
Maquoketa  Formation  which  confines  the  water  in  the 
aquifer  under  leaky  artesian  conditions. 


Figure  44.  Piezometric  surface  of  Cambrian-Ordovician  Aquifer 
in  northeastern  Illinois  in  1958 


The  piezometric  surface  of  the  Cambrian-Ordovician 
Aquifer  in  1958  is  shown  in  figure  44.  The  area  bounded  by 
isopiestic  lines  having  elevations  of  200  and  150  feet  in  the 
vicinity  of  Joliet  was  selected  for  flow-net  analysis.  The 
quantity  of  water  Q  moving  toward  Joliet  midway  between 
the  200-foot  and  150-foot  isopiestic  lines  is  equal  to  the 
total  pumpage  from  the  Cambrian-Ordovician  Aquifer  in 
the  Joliet  area  minus  the  amount  of  water  taken  from  stor¬ 


age  within  the  area  enclosed  by  the  150-foot  isopiestic  line. 
Because  the  coefficient  of  storage  of  the  Cambrian-Ordovi¬ 
cian  Aquifer  and  the  area  enclosed  by  the  150- foot  isopiestic 
line  are  very  small,  the  amount  of  water  taken  from  storage 
is  negligible;  therefore,  Q  is  essentially  equal  to  the  total 
pumpage.  Total  pumpage  from  the  Cambrian-Ordovician 
Aquifer  in  the  Joliet  area  in  1958  was  11.6  mgd  according 
to  Suter  et  al  (1959).  The  hydraulic  gradient  1  and  the 
length  of  cross  section  L  midway  between  the  200-foot  and 
150-foot  isopiestic  lines,  were  estimated  with  figure  44  and 
equations  36  and  37.  The  average  coefficient  of  transmis¬ 
sibility  of  the  part  of  the  Cambrian-Ordovician  Aquifer 
within  the  Joliet  cone  of  depression  was  computed,  using  the 
data  mentioned  above  and  equation  35,  and  is  16,600  gpd/ 
ft.  The  value  of  T  from  flow-net  analysis  compares  favor¬ 
ably  with  the  coefficients  of  transmissibility  computed  from 
the  results  of  the  aquifer  tests  in  the  Joliet  area  given  in 
table  13. 


Table  13.  Coefficients  of  transmissibility  computed 
from  aquifer-test  data  for  the  Joliet  area 


Well  owner 

Depth 
of  well 

(/<) 

Date 

of 

test 

Pumping 

rate 

(gpm) 

Coefficient  of 
transmissibility 
(g/>d /ft) 

Village  of  Elwood 

1645 

1941 

1345 

16,200 

Kankakee  Ordnance  Works 

1649 

1953 

1253 

17,400 

Kankakee  Ordnance  Works 

1569 

1953 

1220 

17,000 

City  of  Joliet 

1620 

1944 

753 

14,300 

City  of  Joliet 

1544 

1946 

600 

16,200 

City  of  Joliet 

1608 

1946 

1290 

17,100 

Illinois  State  Penitentiary  1 

1600 

1948 

650 

19,100 

Diagnostic  Depot  3 

1600 

1948 

642 

19,300 

City  of  Lockport 

1572 

1954 

700 

13,000 

Village  of  Rockdale 

1586 

1946 

293 

16,500 

Village  of  Romeoville 

1537 

1952 

1016 

16,000 

From  Suter  et  al  (1959) 

Coefficient  of  Vertical 

Permeability 

The  Maquoketa  Formation  overlying  the  Cambrian- 
Ordovician  Aquifer  consists  mostly  of  shale,  dolomitic  shale, 
and  argillaceous  dolomite  and  has  a  maximum  thickness  ol 
about  250  feet  in  northeastern  Illinois.  The  Cambrian- 
Ordovician  Aquifer  receives  water  from  overlying  glacial 
deposits  largely  in  areas  west  of  the  border  of  the  Maquo¬ 
keta  Formation  shown  in  figure  45  where  the  Galena- 
Platteville  Dolomite,  the  uppermost  unit  of  the  aquifer,  is 
directly  overlain  by  glacial  deposits  (Suter  et  al,  1959). 
Recharge  of  the  glacial  deposits  in  turn  is  derived  from 
precipitation  that  falls  locally.  The  piezometric  surface  map 
for  the  Cambrian-Ordovician  Aquifer  in  the  year  1864  (see 
figure  46A)  indicates  that,  under  natural  conditions,  water 
entering  or  recharging  the  aquifer  was  discharged  by  ver¬ 
tical  leakage  upward  through  the  Maquoketa  Formation 
and  by  leakage  into  the  Illinois  River  Valley,  in  areas  to  the 
east  and  south. 

The  changes  in  artesian  pressure  produced  by  pumping 
since  the  days  of  early  settlement  have  been  pronounced 
and  widespread.  Pumpage  from  deep  wells  has  increased 
from  200,000  gpd  in  1864  to  about  78  mgd  in  1958.  Figure 
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Figure  45.  Thickness  of  the  Maquoketa  Formation  in  northeastern  Illinois 
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Figure  46.  Piezometric  surface  of  Cambrian-Ordovician  Aquifer  in 
northeastern  Illinois,  about  1864  (A);  and  decline  in  artesian 
pressure  in  Cambrian-Ordovician  Aquifer,  1864-1958  IBI 


46B  shows  the  decline  of  artesian  pressure  in  the  Cambrian- 
Ordovician  Aquifer  from  1864  to  1958  as  the  result  of 
heavy  pumping.  The  greatest  declines,  more  than  600  feet, 
have  occurred  in  areas  of  heavy  pumpage  west  of  Chicago, 
at  Summit  and  Joliet.  In  1958,  the  piezometric  surface  of 
the  Cambrian-Ordovician  Aquifer  was  several  hundred 
feet  below  the  water  table  in  most  of  northeastern  Illinois, 
and  downward  movement  of  water  through  the  Maquoketa 
Formation  was  appreciable  under  the  influence  of  large 
differentials  in  head  between  shallow  deposits  and  the 
Cambrian-Ordovician  Aquifer  (Walton,  1960a).  The  coeffi¬ 
cient  of  vertical  permeability  of  the  Maquoketa  Formation 
was  computed  by  flow-net  analysis. 

Flow-lines  were  drawn  from  the  ground-water  divide 
in  McHenry  County  toward  the  northern  and  southern 
boundaries  of  Cook  County  at  right  angles  to  the  estimated 
piezometric  surface  contours  for  1864  in  figure  46A.  The 
part  of  the  aquifer  (area  1)  which  is  enclosed  by  the  flow 
lines,  the  ground-water  divide,  and  section  B — B',  was 
considered.  In  1864,  the  piezometric  surface  was  below  the 
water  table  and  downward  leakage  through  the  Maquoketa 
Formation  into  the  aquifer  was  occurring  in  area  1.  Leak¬ 
age  was  equal  to  the  quantity  of  water  percolating  through 
section  B — B'.  At  section  B — B'  the  hydraulic  gradient  of 
the  piezometric  surface  was  about  2  feet  per  mile  and  the 
distance  between  limiting  flow  lines  was  about  25  miles. 
Based  on  data  given  by  Suter  et  al  (1959)  the  average  co¬ 
efficient  of  transmissibility  of  the  aquifer  at  section  B — B' 
is  about  19,000  gpd/ft.  Using  equation  60  and  the  data 
mentioned  above,  the  quantity  of  water  moving  southeast¬ 
ward  through  the  aquifer  at  section  B — B'  was  computed 
to  be  about  1  mgd.  Leakage  downward  through  the  Maquo¬ 
keta  Formation  in  area  1  was  therefore  about  1  mgd  in 
1864.  As  measured  from  figure  46A,  area  1  is  about  750 
square  miles.  The  average  Ah  over  area  1  was  determined 
to  be  about  85  feet  by  comparing  estimated  elevations  of 
the  water  table  and  the  piezometric  surface  contours  in 
figure  46 A.  The  average  thickness  of  the  Maquoketa  Forma¬ 
tion  over  area  1  from  figure  45  is  about  175  feet.  Substitu¬ 
tion  of  these  data  in  equation  38  indicates  that  the  average 
coefficient  of  vertical  permeability  of  the  Maquoketa  For¬ 
mation  in  area  1  is  about  0.0001  gpd/sq  ft  (Walton,  1960a). 

In  1864  the  piezometric  surface  was  above  the  water 
table  southeast  of  section  B — B',  and  the  quantity  of 
water  entering  the  aquifer  in  area  1  was  discharged  by  leak¬ 
age  up  through  the  Maquoketa  Formation  in  the  areas 
between  the  limiting  flow  lines  southeast  of  section  B — B' 
in  northeastern  Illinois  and  northwestern  Indiana.  The 
average  coefficient  of  vertical  permeability  of  the  Maquo¬ 
keta  Formation  in  area  2  was  estimated  to  be  about  0.00007 
gpd/sq  ft  following  procedures  outlined  for  analysis  of 
conditions  in  area  1. 

Computations  indicate  that  the  average  coefficient  of 
vertical  permeability  of  the  Maquoketa  Formation  increases 
to  the  north  and  west.  Available  geologic  information  sup¬ 
ports  this  conclusion.  The  lower  unit  of  the  Maquoketa 
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Formation,  probably  the  least  permeable  of  the  three  units, 
thins  to  the  west.  In  addition,  the  Maquoketa  Formation  is 
the  uppermost  bedrock  formation  below  the  glacial  deposits 
in  a  large  part  of  area  1  and  locally  may  be  completely 
removed  by  erosion.  Based  on  flow-net  analysis  and  geologic 
data,  the  average  coefficient  of  permeability  of  the  Maquo¬ 
keta  Formation  in  northeastern  Illinois  is  estimated  to  be 
about  0.00005  gpd/sq  ft. 


Aquifer-Test  Data  Under 
Boundary  Conditions 


Barrier  Boundaries 


An  aquifer  test  was  made  by  W.  H.  Walker  of  the  State 
Water  Survey  in  cooperation  with  Klingner  &  Associates, 
consulting  engineers,  and  Layne-Westem  Co.,  well  contrac¬ 
tor,  June  2,  1960.  A  group  of  wells  (figure  47)  located 
about  iy2  miles  north  of  the  corporate  limits  of  the  village 
of  St.  David  in  sec.  10,  T6N,  R4E,  in  Fulton  County  was 
used.  The  generalized  graphic  logs  of  the  wells  are  given  in 
figure  48.  The  effects  of  pumping  well  3—60  were  measured 
in  observation  wells  1—60  and  2—60.  Pumping  was  started 
at  10:00  a.m.  and  was  continued  for  6  hours  at  a  constant 


rate  of  62  gpm  until  4:00  p.m. 
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Figure  47.  Map  showing  location  of  wells  used  in  test  near  St.  David 
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48.  Generalized  graphic  logs  of  wells  used  in  test  near  St.  David 


Drawdowns  in  the  observation  wells  were  plotted  against 
time  on  logarithmic  paper.  The  time-drawdown  graphs  for 
wells  1—60  and  2—60  are  given  in  figures  49  and  50.  Time- 
drawdown  data  for  wells  1—60  and  2—60  are  given  in 
table  14. 


Figure  49.  Time-drawdown  graph  for  well  1-60  near  St.  David 


Figure  50.  Time-drawdown  graph  for  well  2-60  near  St.  David 


Table  14.  Time-drawdown  data  for  test  at  St.  David 

Well  1-60  Well  2-60 


Time  after 
pumping  started 
(min) 

Drawdown 

(/o 

Time  after 
pumping  started 
(min) 

Drawdown 

(/<) 

5 

1.00 

2 

4.60 

6 

1.19 

3 

4.97 

7 

1.25 

4 

5.32 

8 

1.43 

5 

5.65 

9 

1.58 

6 

5.91 

10 

1.72 

7 

6.08 

12 

1.94 

8 

6.20 

15 

2.32 

9 

6.33 

18 

2.64 

10 

6.50 

20 

2.85 

15 

7.62 

25 

3.26 

20 

8.21 

30 

3.61 

25 

8.75 

40 

4.42 

30 

9.23 

50 

5.00 

40 

10.02 

60 

5.51 

50 

10.55 

71 

6.12 

60 

11.25 

80 

6.50 

70 

11.74 

90 

6.91 

80 

12.21 

100 

7.28 

90 

12.54 

152 

8.91 

100 

12.80 

195 

9.90 

150 

14.35 

254 

11.15 

195 

15.38 

300 

11.64 

255 

16.57 

360 

12.60 

300 

17.14 

360 

17.78 

()  =62  gpm  and 

r  =  165  ft 

Q  =  62  gpm  and 

r  =  20  ft 
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The  nonleaky  artesian  type  curve  was  matched  to  early 
time-drawdown  data  and  values  of  T  and  S  were  calculated 
using  equations  14  and  15.  After  about  12  minutes  of  pump¬ 
ing  the  time-rate  of  drawdown  in  the  observation  wells 
increased  and  field  data  deviate  upward  from  type-curve 
traces,  indicating  the  presence  of  a  barrier  boundary.  The 
nonleaky  artesian  type  curve  was  again  matched  to  later 
time-drawdown  data  affected  by  the  barrier  boundary.  The 
correctness  of  the  new  match  position  was  judged  by  noting 
that,  in  the  second  match  position,  the  s  value  opposite  a 
W{u)  value  of  1.0  is  twice  the  s  value  opposite  a  W  (u) 
value  of  1.0  in  the  first  match  position.  The  divergence  of 
the  two  type-curve  traces  at  a  time  tu  was  determined. 
The  time  at  which  the  first  type-curve  trace  intersects  an 
s  value  equal  to  the  divergence  at  tn  was  noted.  The  dis¬ 
tances  from  the  observation  wells  to  the  image  wells  asso¬ 
ciated  with  the  barrier  boundary  were  then  computed  with 
equation  55. 

After  about  70  to  100  minutes  of  pumping  the  time-rate 
of  drawdown  in  the  observation  wells  again  increased,  and 
field  data  deviate  upward  from  the  second  type-curve  trace 
indicating  the  presence  of  a  second  barrier  boundary.  The 
nonleaky  artesian  type  curve  was  matched  to  late  time- 
drawdown  data  affected  by  both  barrier  boundaries.  The 
correctness  of  the  third  match  position  was  judged  by  noting 
that  in  the  third  match  position  the  s  value  opposite  a 
1 V (u)  value  of  1.0  is  three  times  the  s  value  opposite  a 
W (u)  value  of  1.0  in  the  first  match  position.  The  diver¬ 
gence  of  the  second  and  third  type-curve  traces  at  a  time  <i2 
was  determined.  The  time  tp2  at  which  the  first  type-curve 
trace  intersects  an  s  value  equal  to  the  divergence  at  <j2 
was  noted.  The  distance  from  the  observation  wells  to  the 
image  well  associated  with  the  second  barrier  boundary 
were  then  computed  with  equation  56. 

The  distances  from  each  observation  well  to  the  image 
wells  were  scribed  as  arcs  from  the  respective  observation 
wells.  Theoretically  the  arcs  should  intersect  at  common 
points,  but  the  real  aquifer  is  not  a  vertically  bounded 
aquifer  as  assumed  in  the  derivation  of  the  image-well 
theory  and  as  a  result  the  arcs  and  their  intersections  are 
dispersed.  In  addition,  only  two  observation  wells  are  avail¬ 
able  so  that  the  exact  locations  of  the  image  wells,  and 
therefore  the  barrier  boundaries,  cannot  be  determined  with 
test  data  alone. 

As  indicated  in  figure  48,  the  aquifer  occurs  as  a  fill 
in  a  buried  valley  in  shale  bedrock.  Based  on  aquifer-test 
data  and  geologic  data,  the  boundaries  were  located  at 
positions  east  and  west  of  the  pumped  well.  It  should  be 
pointed  out  that  the  boundaries  determined  with  aquifer- 
test  data  occur  at  distances  at  which  the  change  in  thick¬ 
ness  and  hydraulic  properties  are  great  enough  to  constitute 
barrier  boundaries.  The  boundaries  represent  a  rectangular 
section  which  is  equivalent  hydraulically  to  the  real  aquifer. 

The  average  values  of  T  and  S  computed  from  time- 
drawdown  data  are  4900  gpd/ft  and  0.0002,  respectively. 
Based  on  an  average  saturated  thickness  of  8  feet,  the  co¬ 


efficient  of  permeability  is  about  610  gpd/sq  ft.  Available 
data  indicate  that  the  aquifer  is  a  thin  strip  of  sand  and 
gravel  approximately  600  feet  wide  which  trends  northeast 
to  southwest  through  the  test  site  area. 

Recharge  Boundary 

An  aquifer  test  (Mikels,  1952)  was  made  by  Ranney 
Method  Water  Supplies,  Inc.,  on  November  19-22,  1952. 
A  group  of  wells  (figure  51)  located  along  the  shore  of 
Lake  Michigan  within  the  city  limits  of  Zion  in  sec.  26, 
T46N,  R12E  in  Lake  County  was  used.  The  generalized 
graphic  logs  of  the  wells  are  given  in  figure  52.  The  effects 
of  pumping  well  A— P  were  measured  in  observation  wells 
A-S-l,  A-S-2,  A-N-l,  A-E-l,  A-E-2,  and  A-E-3.  The  lake 
stage  was  also  measured  throughout  the  test.  Pumping  was 
started  at  11:12  a.m.  on  November  19  and  was  continued 
for  about  72  hours  at  a  rate  of  99  gpm  until  11:30  a.m.  on 
November  22.  A  power  failure  resulted  in  a  short  shutdown 
from  10:30  p.m.  on  November  19  to  12: 15  a.m.  on  Novem¬ 
ber  20.  The  hydrographs  of  water  levels  in  observation 
wells  and  changes  in  the  lake  stage  are  shown  in  figure  53. 
The  maximum  drawdown  in  the  pumped  well  was  12.8 
feet. 

Drawdowns  in  the  observation  wells  for  a  pumping  period 
of  53  hours,  before  the  large  change  in  lake  stage  occurred, 
were  determined  by  comparing  the  extrapolated  graphs  of 
water  levels  measured  before  pumping  started  with  graphs 
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of  water  levels  after  53  hours  of  pumping.  Drawdown  data 
are  given  in  table  15.  Figure  53  shows  that  the  lake  stage 
was  about  the  same  prior  to  the  test  as  it  was  after  53  hours 
of  pumping;  therefore,  water-level  adjustments  for  change 
in  lake  stage  are  unnecessary.  Drawdowns  in  the  observation 
wells  adjusted  for  the  effects  of  dewatering  were  plotted  on 
semilogarithmic  paper  against  the  distances  from  the  respec¬ 
tive  observation  wells  to  the  pumped  well  as  shown  in 
figure  54. 


Table  15.  Distance-drawdown  data  for  test  at  Zion 


Well 

number 

Distance  from 
pumped  well 

(/<) 

Drawdown  adjusted 
for  dewatering 
(/<) 

A-S-l 

48 

0.87 

A-N-l 

96 

0.59 

A-S-2 

141 

0.43 

A-E-l 

51 

0.87 

A-E-2 

100 

0.44 

A-E-3 

151 

0.20 

Q  =  99  gpm  and  1  =  3180  min 
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Figure  52.  Generalized  graphic  logs  of  wells  used  in  lest  al  Zion 
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Figure  53.  Lake  stage  and  water  levels  in  wells  during  test  at  Zion 


was  substituted  into  equation  47  for  computation  of  T.  The 
coefficient  of  transmissibility  was  found  to  be  58,000  gpd/ft 
and  the  coefficient  of  permeability  about  2900  gpd/sq  ft. 

Evidence  of  a  hydraulic  interconnection  between  the 
aquifer  and  the  lake  is  shown  by  the  similarity  between  lake 
and  observation  well  hydrographs  and  by  a  comparison  of 
slopes  or  hydraulic  gradients  of  lines  of  wells  perpendicular 
and  parallel  to  the  lake.  As  shown  in  figure  54,  the  slope  of 
the  line  of  wells  perpendicular  to  the  lake  is  much  steeper 
than  the  slope  of  the  line  of  wells  parallel  to  the  lake,  indi¬ 
cating  that  the  cone  of  depression  was  distorted  by  the 
presence  of  the  lake  and  that  water  from  the  lake  was 
diverted  into  the  cone  of  depression  by  induced  infiltration. 

The  time-rate  of  drawdown  in  the  observation  wells  de¬ 
creased  a  short  time  after  pumping  started;  after  a  pumping 
period  of  53  hours,  water  levels  stabilized  and  near  equili¬ 
brium  conditions  prevailed.  Equation  16  indicates  that  the 
effects  of  gravity  drainage  were  negligible  after  about  1 
hour  of  pumping;  therefore,  most  of  the  leveling  off  of 
water  levels  is  due  to  the  source  of  recharge. 

Data  in  table  15,  the  computed  value  of  T,  and  equations 
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Figure  55. 


Piezometric  surface  of  the  Silurian  dolomite 


aquifer  in  DuPage  County 
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45  and  46  were  used  to  determine  the  distance  to  the  effec¬ 
tive  line  of  recharge.  The  distance  a  was  computed  to  be 
206  feet.  The  image  well  associated  with  the  recharge 
boundary  was  located  on  a  line  perpendicular  to  the  lake 
shore  and  at  a  distance  of  412  feet  from  the  pumped  well. 

Distances  from  the  observation  wells  to  the  image  well 
were  measured.  Knowing  T,  a.,  and  the  distances  from  the 
observation  wells  to  the  image  well,  the  coefficient  of  stor¬ 
age  was  computed  with  equations  48  through  52  by  the 
process  of  trial  and  error.  The  average  coefficient  of  stor¬ 
age  is  0.01. 


Recharge  Rates 

Area  of  Influence  of  Pumping 

A  study  (Zeizel  et  al,  1962)  was  made  to  determine  the 
rate  of  recharge  to  the  Silurian  dolomite  aquifer  in  DuPage 
County.  Recharge  to  the  dolomite  aquifer  is  derived  from 
vertical  leakage  of  water  through  overlying  glacial  drift  and 
layers  of  dolomite  to  permeable  zones  within  the  dolomite. 

A  shaly  dolomite  unit  which  greatly  retards  the  vertical 
movement  of  ground  water  occurs  near  the  base  of  the 
Niagaran  Series,  the  upper  unit  of  the  Silurian  rocks.  The 
shaly  dolomite  unit  averages  about  19  feet  in  thickness  in 
DuPage  County  except  where  thinned  or  removed  by  ero¬ 
sion.  Most  high  capacity  dolomite  wells  in  the  county 
penetrate  both  the  Niagaran  and  Alexandrian  Series,  and 
although  most  of  the  water  is  obtained  from  the  part  of  the 
Niagaran  Series  above  the  shaly  dolomite  unit,  large  quan¬ 
tities  of  water  are  also  derived  from  the  Alexandrian  Series 
below  the  shaly  dolomite  unit  in  many  areas. 

The  rate  of  recharge  to  the  dolomite  aquifer  in  four 
areas  in  the  county  was  estimated  with  the  piezometric 
surface  map  in  figure  55.  Flow  lines  were  drawn  at  right 
angles  to  piezometric  surface  contours,  and  the  areas  of 
influence  of  production  wells  in  1 )  the  Wheaton-Glen 
Ellyn-Lombard  area,  2)  Downers  Grove-Westmont-Claren- 
don  Hills-Hinsdale  area,  3)  Argonne  National  Laboratory 
area,  and  4)  West  Chicago  area  were  outlined  as  shown 
in  figure  56.  Total  ground-water  pumpage  from  the  Silu¬ 
rian  dolomite  aquifer  within  the  four  areas  of  influence  in 
1960  are  given  in  table  16.  Comparisons  of  pumpage  and 
water-level  graphs  for  wells  in  the  areas  of  influence  indi¬ 
cate  that  water-level  declines  are  directly  proportional  to 
pumping  rates  and  that  water  levels  stabilize  shortly  after 
pumping  rate  changes;  therefore,  recharge  balances  dis¬ 
charge.  Recharge  rates  in  table  16  were  computed  by 
substituting  data  on  pumpage  and  areas  of  influence  into 
equation  57. 

The  glacial  drift  deposits  are  on  a  gross  basis  very  similar 
in  character  in  the  four  areas  of  influence  and  average 
vertical  hydraulic  gradients  do  not  differ  appreciably  from 
area  to  area.  Thus,  the  low  recharge  rate  in  the  West  Chi¬ 
cago  area  cannot  be  explained  by  differences  in  character 
of  the  glacial  drift  deposits  or  average  hydraulic  gradients. 
In  the  Wheaton-Glen  Ellyn-Lombard  and  Downers  Grove- 


Westmont-Clarendon  Hills-Hinsdale  areas  most  of  the 
water  pumped  is  obtained  from  the  thick  Niagaran  rocks 
above  the  shaly  dolomite  unit.  The  Niagaran  rocks  are  thin 
in  the  West  Chicago  area  and  most  of  the  water  pumped  is 
obtained  from  the  Alexandrian  rocks  below  the  shaly  dolo¬ 
mite  unit.  The  dense,  shaly  dolomite  and  shale  of  the  basal 
beds  of  the  Niagaran  Series  may  have  restricted  develop¬ 
ment  of  a  weathered  zone  of  solutionally-enlarged  openings 
in  the  upper  part  of  the  dolomite  and  thereby  restricted 
development  of  the  permeability  necessary  for  recharge  to 
the  underlying  Alexandrian  aquifer.  Thus,  the  shaly  dolo¬ 
mite  unit  retards  leakage  and  exerts  an  important  influence 
on  recharge  to  the  Silurian  dolomite  aquifer  in  DuPage 
County  (Zeizel  et  al,  1962). 

Areas  in  the  county  where  recharge  is  probably  low,  and 
about  the  same  as  in  the  West  Chicago  area,  were  de¬ 
lineated  by  assuming  that  recharge  is  limited  east  of  the 
Niagaran-Alexandrian  contact  where  rocks  of  the  Niagaran 
Series  overlying  the  shaly  dolomite  unit  are  less  than  50  feet 


Figure  56.  Areas  influenced  by  withdrawals  from  wells  in  the 
Silurian  dolomite  aquifer  in  selected  parts  of  DuPage  County 


Table  16.  Recharge  rates  for  the  Silurian  dolomite 
aquifer  in  DuPage  County 


Area  of  influence 

Wheaton-Glen  Ellyn-Lombard 
Downers  Grove- Westmont- 
Clarendon  Hills-Hinsdale 
West  Chicago 

Argonne  National  Laboratory 


I960 

pumpage 

(mgd) 

Area 
(sq  mi) 

Recharge 

rate 

(Zpd/sq  mi) 

4.5 

32.5 

1 38.000 

6.3 

46.2 

1 36.000 

1.8 

28.0 

64.000 

1.2 

7.6 

158.000 

51 


thick  or  in  areas  where  the  Silurian  rocks  are  missing.  Areas 
where  recharge  is  about  the  same  as  in  the  Wheaton-Glen 
Ellyn  -  Lombard,  Downers  Grove  -  Westmont  -  Clarendon 
Hills-Hinsdale,  and  Argonne  areas  were  delineated  by 
assuming  recharge  is  high  1 )  west  of  the  Niagaran-Alexan- 
drian  contact  where  rocks  of  the  Alexandrian  Series  are 
more  than  25  feet  thick  and  2)  east  of  the  Niagaran- 
Alexandrian  contact  where  rocks  of  the  Niagaran  Series 
overlying  the  shaly  dolomite  unit  are  more  than  25  feet 
thick. 


Figure  57.  Estimated  recharge  rates  for  the  Silurian  dolomite 
aquifer  in  DuPage  County 


A  map  showing  estimated  recharge  rates  for  the  Silurian 
dolomite  aquifer  is  shown  in  figure  57.  It  is  probable  that 
recharge  averages  about  60,000  gpd/sq  mi  in  parts  of  the 
western  one-third  of  the  county  and  averages  about  140,000 
gpd/sq  mi  in  large  areas  of  the  eastern  two-thirds  of  the 
county. 

Flow-Net  Analysis 

Equation  59  was  used  to  determine  the  rate  of  recharge 
to  the  Cambrian-Ordovician  Aquifer  in  parts  of  north¬ 
eastern  Illinois  west  of  Joliet.  Limiting  flow  lines  were 
drawn  on  the  piezometric  surface  map  in  figure  58  from 
recharge  areas  west  of  the  border  of  the  Maquoketa 
Formation  through  DeKalb,  Kendall,  LaSalle,  and  Grundy 
Counties  to  the  Joliet  cone  of  depression.  The  quantities  of 
water  moving  through  the  sections  of  the  aquifer  A — A' 


and  B — B'  west  of  the  border  of  the  Maquoketa  Formation 
were  computed  with  equation  60.  Based  on  data  given  by 
Suter  et  al  ( 1959) ,  the  average  coefficient  of  transmissibility 
of  the  aquifer  at  sections  A — A'  and  B — B'  are  22,000  and 
19,800  gpd/ft,  respectively.  From  figure  58,  the  average 
hydraulic  gradients  and  widths  of  flow  cross  sections  are  as 
given  in  table  17. 

The  difference  between  the  quantity  of  water  moving 
through  sections  A — A'  and  B — B',  5,270,000  gpd,  is  equal 
to  the  amount  of  recharge  to  the  aquifer  plus  the  amount 
of  water  taken  from  storage  within  the  aquifer  in  the  area 
between  the  flow  cross  sections. 

Data  given  by  Suter  et  al  (1959)  and  Sasman  et  al 
(1961)  indicate  that  the  average  water-level  decline  in  the 
area  between  flow  cross  sections  A — A'  and  B — B'  was 
about  0.005  fpd  during  1958.  Based  on  data  given  by  Suter, 
the  average  coefficient  of  storage  in  the  area  between  flow 


Figure  58.  Flow-net  analysis  of  the  piezometric  surface  of  the 
Cambrian-Ordovician  Aquifer  in  northeastern  Illinois  in  1958 


Table  17.  Results  of  flow-net  analysis 
for  area  west  of  Joliet 


Flow  cross 
section 

Coefficient 
of  trans¬ 
missibility 

(gpd/ft) 

Hydraulic 
gradient 
( ft/mi ) 

Length  of 
flow  cross 
section 
(mi) 

Discharge 
through  flow 
cross  section 
(gpd) 

A— A' 

22,000 

8.77 

2.6 

500,000 

B— B' 

19,800 

13.16 

20.4 

5,320.000 

52 


cross  sections  A— A'  and  B— B'  is  0.00035.  As  measured 
from  figure  58,  the  area  between  flow  cross  sections  A — A' 
and  B — B'  is  about  250  square  miles.  Recharge  to  the  area 
between  flow  cross  sections  A — A'  and  B — B'  was  computed 
to  be  about  21,000  gpd/sq  mi  by  substituting  the  above  data 
and  table  17  data  in  equation  59. 

Leakage  Through  Confining  Beds 

Even  though  the  coefficient  of  vertical  permeability  is 
very  low,  leakage  in  1958  through  the  Maquoketa  Forma¬ 
tion  in  northeastern  Illinois  was  appreciable.  The  area  of 
the  confining  bed  within  the  part  of  Illinois  shown  in  figure 
45  through  which  leakage  occurred  (4000  square  miles) 
was  large,  and  the  average  head  differential  between  the 
piezometric  surface  of  the  Cambrian-Ordovician  Aquifer 
and  the  water  table  (300  feet)  was  great.  Computations 
made  with  equation  58  using  the  data  given  above,  and 
assuming  an  average  m'  of  200  feet  and  a  P'  of  0.00005 
gpd/sq  ft,  indicate  that  leakage  was  about  8.4  mgd  or  about 
11  per  cent  of  the  water  pumped  from  deep  sandstone  wells 
in  1958. 


Ground-Water  and  Hydrologic  Budgets 

Ground-water  recharge  to  part  of  the  Panther  Creek 
drainage  basin  during  years  of  above  (1951),  near  (1952) 
and  below  (1956)  normal  precipitation  was  appraised  using 
ground-water  and  hydrologic  budgets  (Schicht  and  Walton, 
1961 ) .  Panther  Creek  drainage  basin  covers  95  square  miles 
and  is  in  north-central  Illinois  about  30  miles  east  of  Peoria 
and  about  20  miles  north  of  Bloomington.  The  basin  is 
above  a  stream-gaging  station  about  4  miles  northwest  of 
the  city  of  El  Paso  and  is  in  T26N  to  T28N  and  R1E  to 
R3E.  The  topography  consists  mostly  of  gently  undulating 
uplands  whose  relief  seldom  exceeds  20  feet  per  mile.  De¬ 
posits  of  glacial  drift  averaging  about  100  feet  thick  cover 
the  bedrock  and  constitute  the  main  features  of  the  present 
land  surface.  The  glacial  deposits  are  immediately  under¬ 
lain  by  relatively  impermeable  bedrock  formations  consisting 
predominately  of  shale.  The  mean  annual  temperature  is 
51 F  and  normal  annual  precipitation  is  33.6  inches. 

During  this  investigation  ground-water  levels  were  meas¬ 
ured  continuously  in  5  observation  wells  equipped  with 
recording  gages.  The  record  of  streamflow  was  determined 
by  a  recording  gage  on  Panther  Creek  at  the  lower  end  of 
the  basin.  Precipitation  was  measured  by  a  network  of  pre¬ 
cipitation  gages  whose  density  averaged  10.6  square  miles 
per  gage.  Mean  daily  ground-water  stage,  streamflow,  and 
precipitation  were  plotted  as  yearly  hydrographs.  As 
examples,  graphs  for  the  year  1952  are  shown  in  figures  59, 
60,  and  61. 

Rating  curves  were  prepared  to  determine  the  relation¬ 
ship  between  mean  ground-water  stage  and  ground-water 
runoff.  Dates  were  selected  based  on  equation  63  when 
streamflow  consisted  entirely  of  ground-water  runoff.  Mean 
ground-water  stages  were  plotted  against  ground-water 


Figure  59.  Mean  daily  ground-water  stage  in  Panther  Creek  basin,  1952 


Figure  61.  Mean  daily  precipitation  in  Panther  Creek  basin,  1952 
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runoff  on  corresponding  dates  as  shown  in  figure  62.  In 
figure  62,  closed  circles  represent  sets  of  data  for  dates, 
November  to  April,  when  evapotranspiration  is  at  a  mini¬ 
mum;  open  circles  represent  sets  of  data  for  dates,  April 


through  October,  when  evapotranspiration  is  appreciable. 


Figure  62.  Rating  curves  of  mean  ground-water  stage  versus  ground- 
water  runoff  for  gaging  station  in  Panther  Creek  basin 


Ground-water  runoff  corresponding  to  each  mean  ground- 
water  stage  during  the  study  periods  was  read  directly 
from  the  rating  curves.  Curve  A  was  used  with  data  for 
dates  April  through  October,  and  curve  B  was  used  with 
data  for  the  rest  of  the  year.  Daily  ground-water  runoff  was 
plotted  on  streamflow  hydrographs  and  lines  were  drawn 
connecting  points  to  describe  ground-water  runoff  hydro¬ 
graphs  as  illustrated  in  figure  60.  Monthly  and  annual 
ground-water  runoff,  surface  runoff,  and  streamflow  during 
1951,  1952,  and  1956,  expressed  in  inches  of  water  over  the 
basin,  are  given  in  table  18. 


Table  1  8.  Monthly  and  annual  streamflow,  ground-water 
runoff,  and  surface  runoff  in  inches,  1951,  1952,  and  1956, 
Panther  Creek  basin 


1951 

1952 

1956 

Month 

R, 

R, 

R 

Rs 

R, 

R 

Rs 

R, 

R 

Jan 

0.61 

0.16 

0.77 

0.39 

0.77 

1.16 

neg* 

0.01 

0.01 

Feb 

2.85 

0.15 

3.00 

0.08 

0.57 

0.65 

0.14 

0.08 

0.22 

Mar 

0.97 

0.30 

1.27 

0.43 

1.57 

2.00 

0.01 

0.04 

0.05 

Apr 

1.08 

1.44 

2.52 

0.65 

1.94 

2.59 

0.03 

0.03 

0.06 

May 

0.12 

0.82 

0.94 

0.06 

0.82 

0.88 

0.34 

0.08 

0.42 

June 

1.80 

0.56 

2.36 

1.03 

1.10 

2.13 

0.04 

0.07 

0.11 

July 

3.63 

1.13 

4.76 

neg 

0.27 

0.27 

0.04 

0.03 

0.07 

Aug 

0.16 

0.22 

0.38 

0.01 

0.04 

0.05 

0.01 

0.01 

0.02 

Sept 

0.03 

0.10 

0.13 

neg 

0.02 

0.02 

neg 

neg 

neg 

Oct 

0.07 

0.22 

0.29 

neg 

0.01 

0.01 

neg 

neg 

neg 

Nov 

0.97 

0.55 

1.52 

neg 

0.02 

0.02 

neg 

0.01 

0.01 

Dec 

0.05 

0.35 

0.42 

0.01 

0.03 

0.04 

neg 

0.01 

0.01 

Annual 

12.34 

6.00 

18.34 

2.66 

7.16 

9.82 

0.61 

0.37 

0.98 

Negligible 

/?,  =  surface  runoff;  Rg  =  ground-water  runoff;  7?  =streamflow 
From  Schicht  and  Walton  ( 7967 ) 
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Mean  daily  ground-water  evapotranspiration,  April 
through  October,  was  estimated  with  figure  62  by  noting 
the  difference  betwen  curves  A  and  B  for  each  mean  daily 
ground-water  stage.  Monthly  and  annual  ground-water 
evapotranspiration  for  1951,  1952,  and  1956  are  given  in 
table  19. 


Table  1  9.  Monthly  and  annual  ground-water  evapotranspiration 
in  inches,  1951,  1952,  and  1956,  Panther  Creek  basin 


ET 

Month 

1951 

1952 

1956 

Jan 

neg* 

neg 

neg 

Feb 

neg 

neg 

neg 

Mar 

neg 

neg 

neg 

Apr 

0.08 

0.13 

0.06 

May 

0.27 

0.43 

0.11 

June 

0.18 

0.18 

0.12 

July 

0.05 

0.47 

0.13 

Aug 

0.34 

0.33 

0.14 

Sept 

0.23 

0.28 

0.12 

Oct 

0.04 

0.19 

0.06 

Nov 

neg 

neg 

neg 

Dec 

neg 

neg 

neg 

Annual 

1.19 

2.01 

0.74 

*negligible 

From  Schicht  and  Walton  (7967) 


The  width  of  the  lowlands  adjacent  to  Panther  Creek 
through  which  underflow  occurs  is  about  500  feet.  The 
thickness  of  the  glacial  drift  is  estimated  to  be  less  than  25 
feet  and  the  hydraulic  gradient  of  the  water  table  in  the 
vicinity  of  the  stream-gaging  station  is  less  than  50  feet  per 
mile.  The  coefficient  of  transmissibility  of  the  glacial  de¬ 
posits  is  in  the  magnitude  of  500  gpd/ft.  By  substituting  the 
above  data  in  equation  60,  underflow  was  computed  to  be 
about  0.01  cfs  and  is  so  small  that  it  was  omitted  from 
budget  computations. 

Computations  of  gravity  yield  Yg  were  made  using  equa¬ 
tion  65  and  data  for  nine  inventory  periods  during  winter 
and  early  spring  months.  Data  and  computations  for  one 
inventory  period,  January  1  to  March  31,  1951,  are  given 
as  an  example  in  table  20. 


Table  20.  Results  of  gravity  yield  analysis 
for  Panther  Creek  basin 


Inventory 

period 

1951 

P 

(in.) 

R 

(in.) 

ET 

(in.) 

AH 

(/<> 

Average  time 
of  drainage 
preceding 
inventory 
period 
{days) 

Jan  1 — Mar  31 

6.93 

5.04 

0.90 

4.7 

23 

Ys 

P—R—ET 
—  100 
12A  H 

6.93—5.04—0.90 

Yg  =  -  100  =  1.8  per  cent 

12x4.7 


Values  of  Yg  were  plotted  against  the  average  time  of 
drainage  preceding  the  inventory  periods  as  shown  in  figure 
63.  Monthly  and  annual  increases  or  decreases  in  ground- 


water  storage  during  1951,  1952,  and  1956  were  estimated 
by  multiplying  mean  ground-water  stage  changes  by  ap¬ 
propriate  values  of  Y„  given  in  figure  63.  Data  on  changes 
in  ground-water  storage  appear  in  table  21. 


Figure  63.  Graph  showing  relation  of  gravity  yield  and 
average  period  of  drainage  for  Panther  Creek  basin 


Table  21.  Monthly  and  annual  ground-water  recharge 
and  changes  in  storage  in  inches,  1951,  1952,  and  1956, 
Panther  Creek  basin 

1951  1952  1956 


Month 

Jan 

0.44 

0.28 

Feb 

0.20 

0.05 

Mar 

1.16 

0.86 

Apr 

2.20 

0.68 

May 

0.89 

—0.20 

June 

0.79 

0.05 

July 

1.03 

—0.15 

Aug 

0.41 

—0.15 

Sept 

0.12 

—0.21 

Oct 

0.03 

—0.23 

Nov 

0.88 

0.33 

Dec 

0.23 

—0.12 

Annual 

8.38 

1.19 

‘negligible 

From  Schicht  and  Walton  (1961) 


n 

0.69 

—0.08 

neg 

—0.01 

0.57 

neg* 

0.29 

0.21 

1.71 

0.14 

neg 

—0.04 

1.92 

—0.15 

0.11 

0.02 

1.11 

—0.14 

0.20 

0.01 

1.36 

0.08 

0.09 

—0.10 

0.15 

—0.59 

0.06 

—0.10 

0.18 

—0.19 

0.06 

—0.09 

0.03 

—0.27 

0.02 

—0.10 

0.02 

—0.18 

0.02 

—0.04 

0.02 

neg 

0.01 

neg 

0.27 

0.24 

0.01 

neg 

8.03 

—1.14 

0.87 

—0.24 

Monthly  and  annual  ground-water  recharge  estimated 
by  balancing  equation  61  are  given  in  table  21.  Ground- 
water  recharge  during  the  three  years  ranged  from  8.38 
inches  in  1951  to  0.87  inch  in  1956.  Ground-water  recharge 
was  19  per  cent  of  precipitation  during  a  year  of  above 


normal  precipitation,  4.5  per  cent  of  precipitation  during  a 
year  of  below  normal  precipitation,  and  25  per  cent  of  pre¬ 
cipitation  during  a  year  of  near  normal  precipitation.  Data 
in  table  21  show  the  pronounced  adverse  effects  of  extended 
dry  periods  on  ground-water  recharge.  Even  during  a  year 
of  near  normal  precipitation  very  little  ground-water  re¬ 
charge  occurs  during  the  6  months  July  through  November. 

Model  Aquifer  and  Mathematical 
Model  for  Areola  Area 

Applicability  of  model  aquifers  and  mathematical  models 
may  be  demonstrated  by  a  case  history  (Walker  and  Wal¬ 
ton,  1961)  of  ground-water  development  at  the  village  of 
Areola  in  east-central  Illinois. 

The  village  of  Areola  is  located  in  the  southern  part  of 
Douglas  County,  23  miles  south  of  the  city  of  Champaign 
and  45  miles  east-southeast  of  the  city  of  Decatur.  1  he 
municipal  water  supply  is  obtained  from  wells  in  the  uncon¬ 
solidated  deposits  within  and  near  the  city  corporate  limits. 

Based  on  geologic  studies  made  by  the  Illinois  State 
Geological  Survey,  the  unconsolidated  glacial  deposits  in 
the  Areola  area  are  mainly  Wisconsinan  and  Illinoian  in 
age  and  range  in  thickness  from  80  to  1 25  feet,  as  shown 
in  figure  64.  These  deposits  consist  primarily  of  ice-laid  till 
with  some  permeable  water-laid  silt  and  sand-and-gravel 
outwash.  The  thicker  sections  of  glacial  materials  are  con¬ 
tained  in  a  valley  cut  into  the  bedrock  which  consists  mainly 
of  shale.  The  thicker  and  more  permeable  outwash  mate¬ 
rials,  hereafter  referred  to  as  the  aquifer,  are  generally 
found  in  the  lower  part  of  the  drift  and  are  Illinoian  in  age. 

The  thick  upper  unit  of  the  Wisconsinan  glacial  till, 
which  occurs  from  the  surface  to  an  average  depth  of  60 
feet,  contains  a  high  percentage  of  silt  and  clay.  The  lower 
Wisconsinan  unit  and  the  Illinoian  deposits  immediately 
overlying  the  aquifer,  hereafter  referred  to  as  the  confining 
bed,  contain  sand  lenses  within  sandy  till.  The  aquifer  con¬ 
tains  a  large  amount  of  fine  sand  and  silt  and  its  perme¬ 
ability  is  not  great. 

The  geologic  cross  section  and  the  aquifer-thickness  map 
shown  in  figure  64  were  drawn  from  the  few  available  drill¬ 
ers’  logs  of  wells  and  test  holes.  As  is  often  the  case,  data 
are  not  sufficient  for  a  rigorous  description  of  the  areal 
extent  of  the  aquifer.  Analysis  of  existing  geologic  informa¬ 
tion  suggests  that  the  aquifer  occurs  as  a  thin  and  narrow 
strip  of  permeable  sand  and  gravel  exceeding  20  feet  in 
thickness  in  many  places  and  trending  from  northeast  to 
southwest  through  Areola.  The  more  permeable  part  of  the 
aquifer  suitable  for  development  by  wells  ranges  in  width 
from  about  800  to  less  than  200  feet.  Water  occurs  under 
leaky  artesian  conditions  and  recharge  is  derived  from  the 
vertical  leakage  of  water  through  the  confining  bed  into 
the  aquifer. 

During  the  period  1940  to  1955,  five  aquifer  tests  were 
made  at  Areola  to  determine  the  hydraulic  properties  of  the 
aquifer.  Based  on  aquifer-test  data,  the  coefficient  of  perme¬ 
ability  of  the  aquifer  ranges  from  280  to  660  gpd/sq  ft 
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Figure  64.  Map  and  geologic  cross  section  showing  thickness  and  areal  extent  of  aquifer  at  Areola 
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and  the  coefficient  of  transmissibility  ranges  from  2200  to 
18,000  gpd/ft.  The  smaller  values  of  T  and  P  reflect  thinner 
and  less  permeable  deposits  near  the  edge  of  the  aquifer, 
whereas  the  larger  values  reflect  much  thicker  and  more 
permeable  deposits  near  the  center  of  the  aquifer.  The 
average  coefficient  of  storage  of  the  aquifer  is  0.001. 

The  municipal  water  supply  has  been  obtained  from  the 
three  pumping  centers  shown  in  figure  64.  Average  daily 
ground-water  withdrawal  increased  from  20,000  gallons  in 
1891  to  146,000  gallons  in  1959. 

Past  records  of  water-level  decline  and  pumpage  and 
analytical  methods  were  used  to  determine  the  practical 
sustained  yield  of  the  aquifer.  The  practical  sustained 
yield  is  here  defined  as  the  maximum  amount  of  water  that 
can  be  continuously  withdrawn  from  existing  wells  without 
eventually  lowering  water  levels  below  tops  of  screens  in 
existing  production  wells. 

An  idealized  model  aquifer  (Walton  and  Walker,  1961) 
that  duplicates  geohydrologic  conditions  in  the  Areola  area 
was  created.  Major  factors  considered  in  creating  the  model 
aquifer  were:  1)  the  external  barrier  boundaries  (bedrock 
walls)  are  tapered  and  irregular  in  shape;  2)  the  bedrock 
walls  are  not  entirely  impervious  and  some  subsurface  flow 
will  occur  from  the  bedrock  into  the  aquifer,  and  thus  the 
effective  boundaries  are  not  likely  to  coincide  exactly  with 
physical  boundaries;  3)  the  hydraulic  properties  vary  from 
place  to  place  and  are  highly  variable  in  the  proximity  of 
boundaries  but  are  fairly  uniform  on  across  basis;  and  4) 
the  vertical  permeability  and  thickness  of  the  confining  bed 
varies  from  place  to  place  but  are  fairly  uniform  on  a 
gross  basis.  With  these  factors  taken  into  account,  the 
results  of  geologic  and  hydrologic  studies  indicate  that  it  is 
possible  to  simulate  complex  aquifer  conditions  with  an 
infinite  strip  of  sand  and  gravel  which  is  400  feet  wide, 
20  feet  thick,  bounded  on  the  sides  and  bottom  by  im¬ 
permeable  material,  and  overlain  by  a  confining  bed  70 
feet  thick.  The  model  aquifer  and  its  orientation  with 
respect  to  Areola  are  shown  in  figure  65A.  The  average 
coefficients  of  transmissibility  and  storage  of  the  model 
aquifer  are  10,000  gpd/ft  and  0.001,  respectively. 

Most  drawdown  data  collected  during  the  aquifer  tests 
at  Areola  are  affected  by  barrier  boundaries  and  it  is  im¬ 
possible  to  isolate  the  effects  of  the  leakage  through  the 
confining  bed.  Although  the  coefficient  of  vertical  perme¬ 
ability  of  the  confining  bed  cannot  be  determined  from 
aquifer-test  data,  it  can  be  estimated  with  the  model  aquifer. 

The  water-level  decline  in  an  observation  well  near 
pumping  center  1  was  computed  using  a  mathematical 
model  based  on  the  model  aquifer,  calculated  hydraulic 
properties  of  the  aquifer,  the  image-well  theory,  the  steady- 
state  leaky  artesian  formula  described  by  Jacob  (1946a), 
estimated  pumpage  data,  and  several  assumed  values  of  the 
coefficient  of  vertical  permeability.  The  coefficient  of  verti¬ 
cal  permeability  that  resulted  in  a  computed  decline  equal  to 
the  actual  observed  decline  was  assigned  to  the  confining  bed. 

The  pumping  center,  the  observation  well,  and  image 


wells  associated  with  the  boundaries  of  the  model  aquifer 
were  drawn  to  scale  on  a  map  as  shown  in  figure  65R.  The 
boundaries  are  parallel,  therefore  an  image-well  system 
extending  to  infinity  is  required.  However,  in  practice  it  is 
only  necessary  to  add  pairs  of  image  wells  until  the  effect 
of  the  next  pair  has  no  measurable  influence.  Semilogarith- 
mic  distance-drawdown  graphs  were  constructed  based  on 
calculated  hydraulic  properties  of  the  model  aquifer,  as¬ 
sumed  coefficients  of  vertical  permeability  of  the  confining 
bed,  and  past  ground-water  withdrawals.  The  distances  r, 
from  the  pumped  well  beyond  which  drawdown  is  not 
measurable  were  determined  from  the  distance-drawdown 
graphs.  Image  wells  at  greater  distances  than  re  were  not 
considered.  The  map  showing  the  location  of  the  pumping 
center,  observation  well,  and  image  wells  and  the  distance- 
drawdown  graph  constitute  the  mathematical  model  for 
the  Areola  area. 

The  distances  between  the  observation  well,  the  pumping 
center,  and  the  image  wells  were  scaled  from  the  mathe¬ 
matical  model.  The  water-level  decline  in  the  observation 
well  was  computed  with  data  on  past  pumpage  by  using  the 
distance-drawdown  graph  to  compute  the  effects  of  the 
real  and  image  wells. 

The  observed  decline  in  the  observation  well  for  a  pump¬ 
ing  rate  of  115,000  gpd  is  42  feet.  A  water-level  decline 
of  42  feet  was  computed  with  a  mathematical  model  based 
on  a  coefficient  of  vertical  permeability  of  0.04  gpd/sq  ft. 
Therefore,  a  coefficient  of  vertical  permeability  of  0.04 
gpd/sq  ft  was  assigned  to  the  confining  bed  overlying  the 
model  aquifer. 

To  test  the  mathematical  model,  the  drawdowns  recorded 
at  pumping  centers  2  and  3  caused  by  pumping  center  1 
were  compared  with  drawdowns  computed  with  the  mathe¬ 
matical  model.  Actual  declines  at  pumping  centers  2  and  3 
of  30  to  17  feet,  respectively,  are  within  a  few  per  cent  of 
the  computed  declines,  32  and  19  feet,  respectively.  I  he 
close  agreement  between  computed  and  actual  declines 
indicates  that  the  model  aquifer  and  mathematical  model 
closely  describe  the  geohydrologic  conditions  at  Areola.  It  is 
reasonable  to  assume  that  the  model  aquifer  and  mathe¬ 
matical  model  may  be  used  to  predict  with  reasonable 
accuracy  the  effects  of  future  ground-water  development 
and  the  practical  sustained  yield  of  the  aquifer. 

The  mathematical  model  described  here  is  based  on  a 
particular  combination  of  aquifer  boundaries  and  proper¬ 
ties.  There  are  probably  other  mathematical  models  involv¬ 
ing  several  slightly  different  combinations  of  parameters 
which  would  also  duplicate  aquifer  conditions. 

In  1959  the  multiple-well  system  at  Areola  consisted  of 
three  wells  ranging  in  depth  from  106  to  122  feet  and 
spaced  2500  feet  apart  in  the  more  permeable  parts  of  the 
aquifer  as  shown  in  figure  64.  Available  drawdowns  in 
the  wells,  assuming  pumping  levels  above  the  screens, 
range  from  66  to  75  feet.  Computations  made  with  the 
mathematical  model  indicate  that  the  practical  sustained 
yield  of  the  existing  3-well  system  is  about  137  gpm  or 
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Figure  65.  Model  aquifers  and  mathematical  models  for  Areola  area  IA  and  B)  and  Chicago  region  1C  and  D) 


200,000  gpd  (Walker  and  Walton,  1961).  A  water  supply 
equal  to  the  practical  sustained  yield  can  be  obtained  by 
pumping  production  wells  1  and  3  at  57  gpm  and  produc¬ 
tion  well  2  at  25  gpm.  Partial  penetration,  well  loss,  and 
variations  in  hydraulic  properties  were  considered  in  com¬ 
putations  of  drawdowns  due  to  pumping  the  production 
wells  themselves. 

The  rate  of  ground-water  withdrawal  increased  from 
115,000  gpd  in  1957  to  146,000  gpd  in  1959.  If  pumpage 
continues  to  increase  in  the  future  at  this  rate,  it  is  estimated 
that  the  practical  sustained  yield  of  the  existing  3-well 
system  will  be  exceeded  in  1963. 

The  Areola  case  history  is  suggestive  of  how  analytical 
methods  can  be  utilized  to  evaluate  wells  and  aquifers  so 
that  available  ground-water  resources  can  be  properly 
managed.  By  checking  computed  performance  of  wells  and 
aquifers  with  records  of  past  pumpage  and  water  levels,  the 
hydrologist  is  assured  of  reasonably  accurate  solutions. 

Evaluation  of  Several  Aquifers  in  Illinois 

To  date  the  principles  outlined  above  have  been  applied 
to  aquifer  conditions  in  five  areas  in  Illinois  in  addition 
to  the  Areola  area.  The  practical  sustained  yield  of  well 
fields  and  aquifers  in  the  Chicago  region  in  northeastern 
Illinois  and  in  the  Taylorville,  Tallula,  Assumption,  and 
Pekin  areas  in  central  Illinois  have  been  evaluated  (Walton 
and  Walker,  1961).  Model  aquifers  and  mathematical 
models  for  these  areas  are  illustrated. 

Chicago  Region 

The  Cambrian-Ordovician  Aquifer  is  the  most  highly 
developed  aquifer  for  large  ground-water  supplies  in  the 
Chicago  region.  The  Cambrian-Ordovician  Aquifer  is  en¬ 
countered  at  an  average  depth  of  about  500  feet  below  the 
land  surface  at  Chicago;  it  has  an  average  thickness  of  1000 
feet  and  is  composed  chiefly  of  sandstones  and  dolomites. 
The  Maquoketa  Formation  consisting  largely  of  shale  over- 
lies  the  Cambrian-Ordovician  Aquifer  and  confines  the 
water  in  the  deep  aquifer  under  leaky  artesian  conditions. 
The  Cambrian-Ordovician  Aquifer  receives  water  from 
overlying  glacial  deposits  in  areas  averaging  47  miles  west 
of  Chicago  where  the  Maquoketa  Formation  is  absent. 

Based  on  the  results  of  63  aquifer  tests  and  other  studies, 
the  coefficients  of  transmissibility  and  storage  of  the  Cam¬ 
brian-Ordovician  Aquifer  and  the  coefficient  of  vertical 
permeability  of  the  Maquoketa  Formation  are  fairly  uni¬ 
form  throughout  large  areas  in  northeastern  Illinois  and 
average  17,000  gpd/ft,  0.00035,  and  0.00005  gpd/sq  ft, 
respectively  (Suter  et  al,  1959;  and  Walton,  1960a).  The 
coefficient  of  transmissibility  decreases  rapidly  south  and 
east  of  Chicago. 

The  results  of  geologic  and  hydrologic  studies  indicate 
that  it  is  possible  to  simulate  the  Cambrian-Ordovician 
Aquifer  with  an  idealized  model  aquifer  as  shown  in  figure 


65C.  The  model  aquifer  is  a  semi-infinite  rectilinear  strip 
of  sandstones  and  dolomites  84  miles  wide  and  1000  feet 
thick.  The  model  aquifer  is  bounded  by  a  recharge  bound¬ 
ary  47  miles  west  of  Chicago  and  by  two  intersecting  barrier 
boundaries  37  miles  east  and  60  miles  south  of  Chicago, 
and  is  overlain  by  a  confining  bed  consisting  mostly  of  shale 
averaging  200  feet  thick.  The  mathematical  model  for  the 
Cambrian-Ordovician  Aquifer  is  shown  in  figure  65D. 

Pumpage  of  ground  water  from  the  Cambrian-Ordovician 
Aquifer  increased  gradually  from  200,000  gpd  in  1864  to 
50  mgd  in  1959  (Walton  et  al,  1960).  Pumpage  is  concen¬ 
trated  in  six  centers  as  shown  in  figure  65D,  the  Chicago, 
Joliet,  Elmhurst,  Des  Plaines,  Aurora,  and  Elgin  areas.  As  a 
result  of  heavy  pumping,  artesian  pressure  in  deep  sandstone 
wells  declined  more  than  600  feet  at  Chicago  between  1864 
and  1958. 

Studies  made  with  the  mathematical  model  show  that 
the  practical  sustained  yield  of  the  Cambrian-Ordovician 
Aquifer  is  about  46  mgd  (Suter  et  al,  1959)  and  is  largely 
limited  by  the  rate  at  which  water  can  move  eastward 
through  the  aquifer  from  recharge  areas.  The  practical 
sustained  yield  of  the  aquifer  is  here  defined  as  the  maxi¬ 
mum  amount  of  water  that  can  be  continuously  withdrawn 
with  the  present  distribution  of  pumping  centers  without 
eventually  dewatering  the  most  productive  and  basal  water- 
yielding  formation  of  the  Cambrian-Ordovician  Aquifer. 
The  practical  sustained  yield  of  the  aquifer  was  exceeded 
in  1959,  and  in  a  sense  ground-water  users  in  the  Chicago 
region  started  to  mine  water  and  to  borrow  water  from 
future  generations. 

Declines  in  nonpumping  water  levels  that  may  be  ex¬ 
pected  between  1958  and  1980  at  pumping  centers  were 
computed  by  using  the  mathematical  model  and  assuming 
that  the  distribution  of  pumpage  remains  the  same  as  it  was 
in  1958  and  pumpage  increases  in  the  future  as  it  has  in 
the  past.  Computed  declines  ranged  from  300  feet  in  the 
Chicago  area  to  190  feet  at  Elgin  and  averaged  250  feet 
(Suter  et  al,  1 959) . 

Taylorville  Area 

Municipal  and  industrial  water  supplies  at  Taylorville 
are  obtained  from  wells  in  glacial  deposits  chiefly  Illinoian 
in  age  that  range  in  thickness  from  50  to  180  feet  (Walker 
and  Walton,  1961).  The  glacial  deposits  occur  in  a  buried 
valley  cut  into  relatively  impermeable  bedrock  of  Pennsyl¬ 
vanian  age  and  are  a  complex  of  ice-laid  till,  water-laid  silt, 
sand-and-gravel  outwash,  and  wind-deposited  silt  and  fine 
sand  (loess).  The  bedrock  valley  trending  northeast  to 
southwest  through  Taylorville  was  at  one  time  in  the  past 
filled  with  glacial  till.  The  outwash  sand  and  gravel  aquifer 
which  yields  water  in  large  quantities  to  wells  occurs  as  a 
fill  in  a  narrow  valley  cut  into  the  upper  part  of  the  till 
deposits.  The  outwash  deposits  range  in  width  from  one-half 
to  one  mile  and  range  in  thickness  from  a  few  feet  to 
1 13  feet. 

Water  occurs  in  the  aquifer  under  water-table  conditions 
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Figure  66.  Model  aquifers  and  mathematical  models  for  Taylorville  IA  and  B)  and  Tallula  1C  and  D)  areas 


and  the  source  of  recharge  is  precipitation.  The  recharge 
area  of  the  aquifer  is  bounded  approximately  by  ground- 
water  divides  and  the  edges  of  the  aquifer.  It  is  estimated 
that  an  average  of  6  inches  or  1  7  per  cent  of  mean  annual 
precipitation  reaches  the  water  table  in  the  6.3-square-mile 
recharge  area. 

The  hydraulic  properties  of  the  aquifer  are  known  from 
the  results  of  seven  aquifer  tests.  Analysis  of  data  indicates 
that  the  coefficient  of  transmissibility  ranges  from  34,000  to 
130,000  gpd/ft  and  the  coefficient  of  permeability  ranges 
from  600  to  2200  gpd/sq  ft.  The  coefficient  of  storage  of 
the  aquifer  averages  0.15. 

Total  ground-water  withdrawals  from  municipal  and 
industrial  wells  at  Taylorville  increased  progressively  from 
about  28,000  gpd  in  1890  to  a  maximum  of  about  3  mgd 
in  1953.  Pumpage  decreased  rapidly  from  3  mgd  in  1953  to 
1.75  mgd  in  1957.  In  1959  total  ground-water  withdrawal 
was  1.77  mgd.  Heavy  pumpage,  concentrated  in  five  well 
fields  as  shown  in  Figure  66A,  caused  water  levels  to  decline 
about  40  feet  between  1888  and  1956.  Many  of  the  produc¬ 
tion  wells  are  located  in  the  thinner  and  less  permeable 
parts  of  the  aquifer. 

The  idealized  model  aquifer  for  the  Taylorville  area 
shown  in  figure  66A  is  an  infinite  rectilinear  strip  of  sand 
and  grav'd  three-fourths  mile  wide  and  50  feet  thick  which 
is  bounded  on  the  sides  and  bottom  by  impermeable  mate¬ 
rial.  The  average  coefficients  of  transmissibility  and  storage 
of  the  model  aquifer  are  70,000  gpd/ft  and  0.20,  respec¬ 
tively.  The  mathematical  model  for  the  model  aquifer  is 
shown  in  figure  66B. 

Studies  made  with  the  mathematical  model  indicate  that, 
with  the  present  distribution  of  pumpage  and  available 
drawdowns  ranging  from  40  to  80  feet,  the  practical  sus¬ 
tained  yield  of  the  aquifer  is  745  gpm  or  1.07  mgd.  About 
970  gpm  or  1.4  mgd  can  be  obtained  without  excessive 
drawdown  from  four  wells  screened  in  the  thicker  and  more 
permeable  sections  of  aquifer  within  a  3-mile  radius  of 
Taylorville. 

Pumpage  in  1959  exceeded  the  practical  sustained  yield 
of  the  aquifer.  Computed  future  water-level  declines  for 
1959  to  1965  indicated  that  by  1961  pumping  levels  in  many 
production  wells  would  recede  to  positions  below  tops  of 
screens,  and  that  by  1965  pumping  levels  would  decline  to 
critical  stages  several  feet  below  tops  of  screens. 

Tallula  Area 

The  municipal  water  supply  for  the  village  of  Tallula 
is  obtained  from  a  collector  well  on  the  flood  plain  of  a 
small  creek  (Walker  and  Walton,  1961).  The  collector  well 
penetrates  a  thin  sand  and  gravel  aquifer  that  ranges  from 
2.5  to  4.5  feet  thick  and  is  encountered  at  an  average  depth 
of  16  feet  below  land  surface.  The  aquifer  is  not  very 
permeable  and  consists  of  stratified  beds  of  sand,  gravel, 
and  silt  in  various  mixtures.  A  confining  bed  averaging  10 
feet  thick  and  consisting  of  alluvial  clay,  silt,  and  fine  sand 


overlies  the  aquifer.  The  sand  and  gravel  aquifer  is  inferred 
to  be  from  150  to  370  feet  wide  and  is  contained  in  a  narrow 
valley  cut  into  relatively  impermeable  bedrock  of  Pennsyl¬ 
vanian  age. 

Recharge  is  derived  chiefly  from  precipitation  by  the  ver¬ 
tical  leakage  of  water  through  the  confining  bed.  Because 
of  the  small  area  and  silted  condition  of  the  bed  of  the 
creek,  low  streamflow,  and  the  presence  of  silty  materials 
beneath  the  streambed,  very  little  recharge  occurs  by  the 
induced  infiltration  of  surface  water  especially  during  sum¬ 
mer,  fall,  and  winter  months.  Large  amounts  of  water  enter 
the  aquifer  through  a  recharge  well  connected  to  a  lagoon 
and  located  60  feet  from  the  end  of  one  of  the  laterals  in 
the  collector  well. 

The  coefficients  of  transmissibility  and  permeability  of 
the  aquifer  determined  from  the  results  of  two  pumping 
tests  are  2750  gpd/ft  and  790  gpd/sq  ft,  respectively.  Under 
natural  conditions,  leaky  artesian  conditions  exist;  however, 
under  heavy  pumping  conditions  and  during  prolonged  dry 
periods,  the  confining  bed  is  partially  drained. 

Pumpage  from  the  collector  well  increased  from  9000 
gpd  in  1955  to  29,000  gpd  in  1959.  As  the  result  of  pumping 
at  a  rate  of  37,000  gpd  during  summer  months  in  1959, 
water  levels  declined  below  the  top  of  the  upper  lateral  in 
the  collector  well. 

The  idealized  model  aquifer  for  the  Tallula  area,  as 
shown  in  figure  66C,  is  a  semi-infinite  rectilinear  strip  of 
sand  and  gravel  300  feet  wide  and  3.5  feet  thick  which  is 
bounded  on  the  sides  and  bottom  by  impermeable  material 
and  is  overlain  by  a  confining  bed  10  feet  thick.  I  he  mathe¬ 
matical  model  for  the  model  aquifer  is  shown  in  figure  66D. 

The  practical  sustained  yield  of  the  collector  well  is  much 
greater  during  years  of  near  or  above  normal  precipitation 
when  the  lagoon  is  frequently  replenished  and  artificial  re¬ 
charge  is  continuous  than  it  is  during  dry  periods  when  little 
artificial  recharge  can  be  expected.  Computations  made  by 
simulating  the  collector  well  with  a  vertical  well  having  a 
radius  of  66  feet  and  using  the  mathematical  model  indicate 
that  the  practical  sustained  yield  of  the  collector  well  is  1 1 
gpm  or  16,000  gpd  during  extended  dry  periods  and  20  gpm 
or  25,000  gpd  during  years  of  normal  precipitation. 

Assumption  Area 

A  new  well  field  was  recently  developed  2/i  miles  south¬ 
east  of  the  city  of  Assumption  to  supplement  the  municipal 
water  supply.  Geologic  studies  suggest  that  the  aquifer  is 
mainly  poorly  sorted  sand  ranging  from  5  to  13  feet  thick. 
The  aquifer  is  greatly  limited  in  areal  extent  to  a  rectilinear 
area  600  feet  wide  by  2200  feet  long.  Clayey  materials  (con¬ 
fining  bed)  with  an  average  saturated  thickness  of  8  feet 
overlie  the  aquifer,  and  water  occurs  under  leaky  artesian 
conditions.  Recharge  is  received  chiefly  from  precipitation 
by  the  vertical  leakage  of  water  through  the  confining  bed. 

Based  on  the  results  of  two  aquifer  tests,  the  coefficients 
of  transmissibility  and  permeability  of  the  aquifer  are  4900 
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(  FROM  WALTON  8  WALKER,  1961  ) 


Figure  67.  Model  aquifers  and  mathematical  models  for  Assumption  IA  and  Bl  and  Pekin  (C  and  D)  areas 


gpd/ft  and  410  gpd/sq  ft,  respectively  (Walton  and  Walker, 
1961).  The  coefficient  of  vertical  permeability  of  the  con¬ 
fining  bed  is  0.19  gpd/sq  ft. 

The  idealized  model  aquifer  for  the  Assumption  area, 
shown  in  figure  67A,  is  a  box  of  sand  600  feet  wide,  2200 
feet  long,  and  10  feet  thick.  The  model  aquifer  is  bounded 
on  the  sides  and  bottom  by  impermeable  material  and  is 
overlain  by  a  confining  bed  with  an  average  saturated  thick¬ 
ness  of  8  feet.  The  mathematical  model  for  the  model 
aquifer  is  shown  in  figure  67B. 

The  response  of  the  aquifer  to  long-term  pumping  was 
studied  by  means  of  the  mathematical  model.  Computations 
based  on  an  average  available  drawdown  of  12  feet  indicate 
that  the  practical  sustained  yield  of  a  4-well  system,  consist¬ 
ing  of  wells  6  inches  in  diameter,  24  feet  deep,  with  5  feet 
of  screen,  and  spaced  300  feet  apart,  is  about  38  gpm  or 
55,000  gpd.  Gravity  drainage  of  the  confining  bed  and  part 
of  the  aquifer  during  extended  dry  periods  was  taken  into 
account  in  estimating  the  practical  sustained  yield  of  the 
aquifer. 

Pekin  Area 

In  1960  an  intensive  geohydrologic  study  was  made  by 
an  industry  to  determine  the  feasibility  of  developing  a 
large  ground-water  supply  from  unconsolidated  deposits  in 
an  area  along  the  Illinois  River,  about  3  miles  southwest 
of  the  city  of  Pekin.  The  study  included  a  test  drilling  pro¬ 
gram  and  a  controlled  aquifer  test.  The  data  thus  obtained 
together  with  information  from  other  sources  led  to  an 
evaluation  of  the  practical  sustained  yield  of  the  aquifer  in 
the  study  area,  and  to  the  design  of  a  multiple-well  system 
capable  of  meeting  the  demand  of  the  industry. 

The  unconsolidated  deposits  in  the  study  area  consist  of 
recent  silty  alluvial  materials  and  glacial  outwash  of  Wis- 
consinan  age.  These  deposits  are  contained  in  a  buried  valley 
cut  into  the  underlying  bedrock  of  Pennsylvanian  age.  The 
permeable  outwash  forming  the  aquifer  ranges  in  thickness 
from  less  than  5  feet  to  more  than  33  feet  and  consists  of 
stratified  beds  of  gravel  and  sand.  Logs  of  wells  and  test 
holes  show  that  the  boundary  marking  the  limits  of  the 
aquifer  trends  northeast  to  southwest  through  the  study  area. 
In  the  proposed  well  field  area  the  aquifer  averages  20  feet 
thick  and  is  overlain  with  fine-grained  alluvial  materials 
with  an  average  saturated  thickness  of  50  feet.  The  Illinois 
River,  which  trends  east  to  west  through  the  study  area, 
has  been  dredged  into  the  alluvial  materials  but  not  into 
the  aquifer. 

Computations  made  with  aquifer-test  data  show  that  the 
coefficients  of  transmissibility  and  permeability  of  the 
aquifer  are  180,000  gpd/ft  and  9000  gpd/sq  ft,  respectively 
(Walton  and  Walker,  1961).  During  the  aquifer  test,  leaky 
artesian  conditions  occurred  a  short  time  after  pumping 
started,  and  gravity  drainage  of  the  alluvial  materials  was 
appreciable  during  the  latter  part  of  the  test  period  especial¬ 
ly  in  the  immediate  vicinity  of  the  pumped  well.  Test  data 


were  adversely  affected  by  a  barrier  boundary  (the  edge  of 
the  aquifer)  ;  however,  the  effects  of  recharge  from  the 
Illinois  River  caused  water  levels  to  stabilize  rapidly  indi¬ 
cating  a  fair  connection  between  the  aquifer  and  the  river. 

A  model  aquifer  which  simulates  the  actual  geohydrologic 
conditions  present  in  the  study  area  is  shown  in  figure  67C. 
The  mathematical  model  for  the  model  aquifer  is  shown  in 
figure  67D.  Computations  made  with  the  mathematical 
model  indicate  that  4000  gpm  or  5.76  mgd  can  be  obtained 
with  maximum  drawdowns  above  the  top  of  the  aquifer 
from  5  wells  spaced  about  325  feet  apart. 

Well  Loss 

S and  and  Gravel  Well 

A  step-drawdown  test  (Bruin  and  Hudson,  1955)  was 
conducted  by  E.  G.  Jones  and  Jack  Bruin  of  the  State  Water 
Survey  on  an  irrigation  well  owned  by  J.  R.  1  homason. 
The  well  was  constructed  by  the  Thorpe  Concrete  Well  Co. 
and  was  completed  on  November  4,  1953.  The  well  is  lo¬ 
cated  approximately  1300  feet  east  and  1450  feet  north  of 
the  southwest  corner  of  sec.  29,  T4N,  R9W,  near  Granite 
City.  The  driller’s  log  of  the  well  is  given  in  table  22.  The 
bottom  60  feet  of  the  well  is  screened  with  porous  concrete 
screen  and  the  upper  46  feet  is  cased  with  concrete  casing. 
The  casing  and  screen  have  an  inside  diameter  of  30  inches 
and  an  outside  diameter  of  40  inches. 


Table  22.  Log  of  well  near  Granite  City 

Depth  (ft) 


Material 

from 

to 

Sandy  clay 

0 

23 

Yellow  medium  coarse  sand 

23 

28 

Fine  gray  sand 

28 

44 

Medium  fine  gray  sand 

44 

52 

Sand 

52 

60 

Coarse,  clean  sand 

60 

84 

Medium  coarse  sand 

84 

100 

Coarse  sand  and  boulders 

100 

106 

The  test  was  started  at  9:45  a.m. 

on  April  27, 

1954,  and 

was  continued  for  about  4  hours  until  1:40  p.m.  I  he  well 
was  pumped  at  three  rates,  1000,  1280,  and  1400  gpm. 
Test  data  are  given  in  table  23. 

The  test  data  were  plotted  on  semilogarithmic  paper 
with  the  pumping  levels  on  the  arithmetic  axis  and  the  time 
after  pumping  started  on  the  logarithmic  axis  as  shown 
in  figure  68.  It  can  be  noted  that  the  time-drawdown  curve 
at  1000  gpm  has  a  slope  of  0.21  feet  per  log  cycle.  Equation 
23  indicates  that  the  slope  of  the  semilogarithmic  time- 
drawdown  curve  is  directly  proportional  to  Q.  The  slope 
at  1280  gpm  was  estimated  to  be  about  0.269  feet  per  log 
cycle  by  multiplying  the  slope  at  1000  gpm  by  the  ratio  of 
1280:1000.  By  similar  procedure  the  slope  at  1400  gpm 
was  computed  to  be  0.294  feet  per  log  cycle.  These  slopes 
were  used  to  extrapolate  water-level  trends  beyond  periods 
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of  pumping  as  shown  by  the  dashed  lines  in  figure  68.  These 
extrapolations  were  used  to  obtain  increments  of  drawdown 
produced  by  each  increase  in  the  rate  of  pumping.  Incre¬ 
ments  of  drawdown  were  determined  for  a  pumping  period 
of  1  hour  and  are  given  in  table  24. 


Table  23.  Data  for  step-drawdown  test  near  Granite  City 


Feet  to 

Pumping  r 

Time 

water 

(gpm) 

9:13  a.m. 

23.95 

9:23 

23.95 

0 

9:45 

started  pumping 

9:50 

29.13 

1000 

9:55 

29.23 

1000 

10:00 

29.30 

1000 

10:10 

29.30 

1000 

10:15 

29.32 

1000 

10:20 

29.37 

1000 

10:30 

29.35 

1000 

10:35 

29.36 

1000 

10:52 

29.40 

1000 

11:00 

29.39 

1000 

11:25 

29.43 

1000 

11:30 

30.97 

1280 

11:50 

31.01 

1280 

12:00 

31.02 

1280 

12:15  p.m. 

31.04 

1280 

12:30 

31.08 

1280 

12:45 

31.08 

1280 

12:50 

31.90 

1400 

1:00 

31.95 

1400 

1:15 

31.90 

1400 

1 :30 

31.90 

1400 

1:40 

31.93 

1400 

From  Bruin  and  Hudson  (7955) 

Table  24.  Drawdowns  and 

pumpina 

rates 

for  well  1 

near  Granite  City 

a 

AQ_ 

AQ_ 

Step 

( gp m) 

c/0 

1  1000 

1000 

2.22 

5.43 

2  1280 

280 

0.62 

1.59 

3  1400 

120 

0.27 

0.72 

Data  in  table  24  were  substituted  into  equations  69  and 
70  for  computations  of  C  as  shown  below: 

For  steps  1  and  2 

(1.59/0.62)  —  (5.43/2.22) 

~  2.22  +  0.62 

C  —  0.04  sec2/ft5 
For  steps  2  and  3 

(0.77/0.27)  —  (1.59/0.62) 

~  0.62  +  0.27 

C  =  0.28  sec2/ft5 

The  value  of  C  for  steps  2  and  3  is  greater  than  the  value 
of  C  for  steps  1  and  2.  However,  both  values  of  C  are  very 
low  and  it  is  probable  that  the  values  of  C  differ  in  this 
case  not  because  the  well  is  unstable  but  because  of  slight 
inaccuracies  in  measured  drawdowns  and  pumping  rates. 
The  average  value  of  C  is  about  0.16  sec2/ft5. 

The  well  loss  at  the  1400  gpm  pumping  rate  was  com¬ 
puted  to  be  about  1.0  foot  with  equation  67  as  shown 
below : 

sw  =  0.16(1440/449) 2 

The  total  drawdown  in  the  well  at  1400  gpm  was  7.74  feet. 
Thus,  well  loss  amounted  to  about  13  per  cent  of  the  total 
drawdown  in  the  production  well  for  a  pumping  rate  of 
1400  gpm. 


Bedrock  Wells 


A  step-drawdown  test  was  made  by  Sandor  Csallany  of 
the  State  Water  Survey  in  cooperation  with  Marbry  & 
Johnson,  Inc.,  consulting  engineers,  and  E.  C.  Baker  &  Sons, 
well  contractor,  on  a  sandstone  well  owned  by  the  village 
of  Iuka.  The  well  is  located  about  600  feet  west  and  1300 
feet  south  of  the  northeast  corner  of  sec.  18,  T2N,  R4E,  in 
Marion  County.  The  log  and  construction  features  of  the 
pumped  well  and  three  observation  wells  are  shown  in 
figure  69.  The  locations  of  the  wells  are  shown  in  figure  70. 
Two  major  water-yielding  zones  are  encountered  in  wells 
1,  2,  and  3  between  the  depths  of  20  and  31  feet  and  40 
and  85  feet. 
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Figure  68.  Time-drawdown  graph  for  well  near  Granite  City 


Figure  69.  Generalized  graphic  logs  of  wells  used  in  test  at  Iuka 
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The  test  was  started  at  11:20  a.m.  on  May  29,  1961,  and 
was  continued  for  about  4  hours  until  3:30  p.m.  Well  3 
was  pumped  at  three  rates,  5.4,  9.3,  and  12.7  gpm.  Draw¬ 
downs  were  measured  in  the  pumped  well  and  in  the  three 
observation  wells. 


Figure  70.  Map  showing  location  of  wells  used  in  test  at  luka 


Figure  71.  Time-drawdown  graph  for  well  3  at  luka 


Figure  72.  Time-drawdown  graphs  tor  wells  2  and  4  at  luka 


Drawdowns  in  wells  2,  3,  and  4  were  plotted  against  time 
on  semilogarithmic  paper.  The  time-drawdown  graph  for 
well  3  is  given  in  figure  71  and  the  time-drawdown  graphs 
for  wells  2  and  4  are  given  in  figure  72.  Time-drawdown 
data  for  the  wells  are  tabulated  in  table  25.  There  was  no 
significant  drawdown  in  well  1. 


Table  25.  Time-drawdown  data  for  test  at  luka 


Well  No.  3  (pumped 

well) 

Well  No.  2 

Well  No.  4 

Time  after 
pumping 
started 
(min) 

Draw¬ 

down 

(/<) 

Pumping 

rate 

(gf"”) 

Time  after 
pumping 
started 
(min) 

Draw¬ 

down 

(jo 

Time  after 
pumping 
started 
(min) 

Draw¬ 

down 

(/<) 

i 

2.10 

5.5 

i 

0.01 

2 

0.01 

2 

4.42 

9 

.01 

5 

.08 

3 

5.84 

11 

.01 

6 

.09 

4 

7.63 

15 

.02 

7 

.16 

9 

10.00 

21 

.05 

8 

.18 

10 

10.23 

5.4 

31 

.10 

9 

.20 

13 

10.84 

40 

.14 

10 

.25 

15 

11.09 

50 

.21 

16 

.40 

17 

11.37 

5.4 

60 

.25 

20 

.46 

20 

11.82 

5.4 

70 

.29 

30 

.62 

23 

11.88 

80 

.32 

40 

.72 

26 

12.09 

5.4 

90 

.35 

50 

.81 

30 

12.33 

100 

.38 

60 

.92 

40 

12.68 

5.4 

120 

.42 

70 

.95 

45 

12.79 

5.4 

130 

.45 

80 

1.00 

50 

12.89 

5.4 

140 

.50 

90 

1.09 

55 

13.04 

5.4 

150 

.59 

100 

1.11 

60 

13.15 

5.4 

160 

.68 

120 

1.22 

70 

13.34 

5.4 

170 

.75 

130 

1.25 

80 

13.54 

5.4 

180 

.84 

140 

1.27 

90 

13.79 

5.4 

190 

.90 

150 

1.30 

100 

13.93 

5.4 

200 

.95 

160 

1.32 

121 

16.27 

9.3 

210 

1.03 

170 

1.37 

130 

25.84 

9.3 

220 

1.14 

180 

1.42 

140 

28.99 

9.3 

230 

1.27 

194 

1.42 

150 

30.13 

240 

1.39 

203 

1.43 

160 

30.85 

9.3 

250 

1.59 

220 

1.46 

170 

31.48 

230 

1.48 

180 

31.84 

9.3 

240 

1.50 

193 

36.82 

12.7 

250 

1.52 

203 

45.89 

12.7 

Well  No.  1 
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During  the  first  step  with  a  pumping  rate  of  5.4  gpm  the 
pumping  level  in  well  3  remained  above  the  top  of  the 
upper  water-yielding  zone.  The  specific  capacity  of  the  well 
for  a  pumping  rate  of  5.4  gpm  and  a  pumping  period  of  1 
hour  is  0.35  gpm/ft.  Water  levels  in  the  shallow  observa¬ 
tion  well  (well  4),  which  penetrates  only  the  upper  water- 
yielding  zone,  and  in  the  deep  observation  well  (well  2), 
which  penetrates  both  the  upper  and  lower  water-yielding 
zones,  were  similarly  affected  during  the  first  step. 

The  pumping  level  in  well  3  declined  below  the  upper 
water-bearing  zone  during  the  second  step  with  a  pumping 
rate  of  9.3  gpm.  The  specific  capacity  of  the  well  for  a 
pumping  rate  of  9.3  gpm  and  a  pumping  period  of  1  hour 
is  0.28  gpm/ft  and  is  much  less  than  the  specific  capacity 
for  a  pumping  rate  of  5.4  gpm.  Water  levels  in  the  shallow 
observation  well  were  not  affected  by  the  increase  in  pump¬ 
ing  rate,  whereas  the  time-rate  of  drawdown  ir  the  deep 

65 


observation  well  increased  about  in  proportion  to  the  pump¬ 
ing  rate.  When  the  pumping  level  declined  below  the  upper 
water-yielding  zone  there  was  free  flow  from  the  upper 
water-yielding  openings.  Thus,  the  maximum  contribution 
from  the  upper  zone  was  attained  during  the  second  step. 
As  shown  by  the  time-drawdown  graph  for  well  4,  discharge 
from  the  upper  zone  was  not  appreciably  increased,  indi¬ 
cating  that  most  of  the  increase  in  discharge  during  step  2 
was  obtained  from  the  lower  zone. 

The  pumping  level  in  well  3  declined  below  the  top  of 
the  lower  zone  during  the  third  step  with  a  pumping  rate 
of  12.7  gpm.  The  specific  capacity  of  the  well  for  a  pumping 
rate  of  12.7  gpm  and  a  pumping  period  of  1  hour  is  0.17 
gpm/ft  and  is  less  than  the  specific  capacity  for  pumping 
rates  of  5.4  and  9.3  gpm.  Water  levels  in  the  shallow  obser¬ 
vation  well  were  not  affected  by  the  increase  in  pumping 
rate,  whereas  the  time-rate  of  drawdown  in  the  deep  obser¬ 
vation  well  increased  about  in  proportion  to  the  pumping 
rate.  The  specific  capacity  during  the  third  step  is  less  than 
the  specific  capacity  during  the  second  step  because  there 
was  free  flow  from  some  of  the  openings  in  the  lower  zone 
and  the  openings  in  the  basal  part  of  the  lower  zone  were 
called  upon  for  much  of  the  increase  in  pumpage. 

From  the  above  discussion,  it  is  obvious  that  erroneously 
optimistic  predicted  yields  of  the  production  well  under 
higher  rates  of  pumping  would  occur  if  the  specific  capaci¬ 
ties  for  steps  1  or  2  were  used  in  computations. 

Experience  has  shown  that  the  constant-rate  method  of 
well  testing  when  applied  to  wells  tapping  bedrock  aquifers, 
especially  dolomite  aquifers,  has  sometimes  resulted  in  er¬ 
roneously  optimistic  predicted  yields  of  wells  under  higher 
rates  of  pumping.  The  value  of  C  increases  with  higher 
pumping  rates  as  the  pumping  level  recedes  below  produc¬ 
ing  zones.  The  step-drawdown  test  provides  data  that  can 
be  analyzed  to  obtain  more  accurate  predictions  of  yields 
under  various  pumping-rate  conditions. 

Drawdown  at  the  end  of  each  pumping  period  is  plotted 
against  the  corresponding  pumping  rate  and  a  curve  is 
drawn  through  the  points.  The  drawdown  in  the  well 
caused  by  a  planned  rate  of  discharge  may  be  read  directly 
from  the  curve  or  approximated  for  higher  pumping  rates 
by  projecting  the  curve. 

Step-drawdown  tests  were  made  on  several  deep  sand¬ 
stone  wells  in  northeastern  Illinois.  Data  collected  during 
these  tests  were  substituted  into  equations  69  and  70  to 
determine  well-loss  constants.  Computed  values  of  C  (Wal¬ 
ton  and  Csallany,  1962)  range  from  4  to  15  sec2/ft5. 

Step-drawdown  tests  were  made  on  several  dolomite  wells 
in  DuPage  County.  Analysis  of  available  data  (Zeizel  et  al, 
1962)  indicates  that  the  well-loss  constant  is  a  function  of 
1  )  the  specific  capacity  and  therefore  the  hydraulic  proper¬ 
ties  of  the  Silurian  dolomite  aquifer,  and  2)  the  position  of 
the  pumping  level  in  relation  to  the  top  of  the  Silurian 
dolomite  aquifer.  High  values  of  C  are  computed  for  wells 
having  low  specific  capacities  and  low  values  of  C  are  com¬ 
puted  for  wells  having  high  specific  capacities.  Apparently 


turbulence  and  therefore  well  loss  increases  as  the  coefficient 
of  transmissibility  of  the  aquifer  decreases.  It  is  probable 
that  the  size  and/or  number  of  openings  in  the  dolomite 
decrease  with  the  coefficient  of  transmissibility. 

The  well-loss  constant  increases  greatly  when  water  levels 
are  lowered  below  the  top  of  the  Silurian  dolomite  aquifer. 
As  the  pumping  level  declines  below  the  top  of  the  aquifer, 
maximum  contribution  from  openings  in  the  upper  part  of 
the  dolomite  above  the  pumping  level  is  attained  and  future 
increases  in  pumping  are  obtained  from  the  openings  below 
the  pumping  level.  A  greater  burden  is  placed  upon  lower 
openings  and  well  loss  is  greatly  increased. 

Graphs,  figures  73  and  74,  were  prepared  showing  the 
relation  between  specific  capacity  and  C  for  the  two  cases, 
when  the  pumping  level  is  above  the  top  of  the  aquifer 
and  when  the  pumping  level  is  below  the  top  of  the  aquifer. 
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Figure  73.  Well-loss  constant  versus  specific  capacity ,  pumping  levels  are 
above  the  top  of  the  Silurian  dolomite  aquifer  in  DuPage  County 
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Figure  74.  Well-loss  constant  versus  specific  capacity ,  pumping  levels  are 
below  top  of  the  Silurian  dolomite  aquifer  in  DuPage  County 


Collector  Well  Data 

The  collector  well  at  Tallula  consists  of  a  6-foot-diameter 
caisson  from  which  two  horizontal  8-inch-diameter  vitrified 
perforated  clay  pipe  laterals  are  projected  near  the  bottom. 
The  concrete  caisson  extends  from  9.5  feet  above  to  26  feet 
below  land  surface.  One  horizontal  lateral  (upper  lateral) 
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projects  from  the  caisson  at  a  depth  of  18  feet  below  land 
surface  and  is  478  feet  long.  The  other  horizontal  lateral 
(lower  lateral)  projects  from  the  caisson  at  a  depth  of  21 
feet  below  land  surface  and  is  310  feet  long.  The  laterals 
were  placed  in  a  trench  excavated  through  the  sand  and 
gravel  aquifer  that  averages  3.5  feet  thick  and  occurs  as  a 
strip  150  to  370  feet  wide  encountered  at  an  average  depth 
of  16  feet  below  land  surface.  After  the  laterals  were  placed, 
the  trench  was  backfilled  with  gravel  to  a  depth  of  15  feet 
below  land  surface  and  with  clay  and  top  soil  to  the  original 
land  surface. 

On  April  28,  1955,  a  well-production  test  was  made  using 
the  collector  well.  A  drawdown  of  1.52  feet  was  computed 
for  a  pumping  period  of  41  minutes  and  a  pumping  rate 
of  35  gpm.  The  coefficients  of  transmissibility  and  storage 
of  the  aquifer  are  2750  gpd/ft  and  0.002,  respectively. 
Computations  made  with  the  data  mentioned  above  and 
the  nonleaky  artesian  formula  indicate  that  the  collector 
well  is  equivalent  to  a  vertical  well  with  a  radius  of  about 
66  feet. 

Design  of  Sand  and  Gravel  Well 

The  results  of  studies  on  the  mechanical  analyses  of 
samples  of  two  aquifers  in  Illinois  will  demonstrate  some  of 
the  principles  involved  in  the  design  of  sand  and  gravel 
wells. 

Suppose  that  it  is  desired  to  estimate  the  optimum  yield 
and  to  design  an  8-inch-diameter  well  with  a  continuous 
slot  screen  30  feet  long.  The  coefficients  of  transmissibility, 
permeability,  and  storage  of  the  aquifer  are  15,000  gpd/ft, 
500  gpd/sq  ft,  and  0.0003,  respectively,  and  there  is  125 
feet  of  available  drawdown.  The  grain  size  distribution 
curves  for  the  samples  of  the  aquifer  are  given  in  figure  75. 
The  sieve  analyses  are  for  actual  samples  taken  from  a 
test  well  penetrating  a  deeply  buried  sand  and  gravel  aquifer 
and  owned  by  the  city  of  Woodstock. 
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The  50-per-cent  size  of  the  coarsest  sample  is  less  than  4 
times  the  50-per-cent  size  of  the  finest  sample,  therefore, 
the  slot  size  and  pack  are  not  tailored  to  individual  samples 
but  are  based  on  the  finest  sample.  The  curves  in  figure  75 
show  that  the  effective  grain  size  of  the  materials  of  the 
finest  sample  is  0.006  inch  and  the  uniformity  coefficient 
is  about  2.  An  artificial  pack  well  is  indicated  because  the 
effective  grain  size  is  less  than  0.01  inch  and  the  uniformity 
coefficient  is  less  than  3.  The  50-per-cent  size  of  the  mate¬ 
rials  of  the  finest  sample  is  0.012  inch;  thus,  with  a  pack  to 
aquifer  ratio  of  5,  a  very  coarse  sand  pack  with  particles 
ranging  in  diameter  from  about  0.04  to  0.08  inch  is  indi¬ 
cated.  To  retain  90  per  cent  of  the  size  fractions  of  the 
pack,  a  slot  size  of  0.04  inch  is  required.  An  artificial  pack 
thickness  of  6  inches  is  adequate. 

The  permeability  of  the  pack  is  estimated  to  be  about 
1500  gpd/sq  ft,  and  from  table  4  optimum  screen  entrance 
velocities  of  5  and  3  fpm  are  indicated  for  the  pack  and 
aquifer,  respectively.  The  average  of  the  velocities  for  the 
pack  and  aquifer,  4  fpm,  is  selected  for  use  in  determining 
the  optimum  yield  of  the  well. 

The  actual  open  area  of  an  8-inch-diameter,  40-slot, 
continuous-slot  screen  is  0.604  sq  ft  for  each  foot  of  screen. 
The  effective  open  area  is  estimated  to  be  about  50  per  cent 
of  the  actual  open  area,  or  0.302  sq  ft  for  each  foot  of 
screen.  Substitution  of  data  on  the  length  of  screen,  effective 
open  area,  and  optimum  screen  entrance  velocity  into  equa¬ 
tion  71  results  in  the  conclusion  that  the  optimum  yield  of 
the  well  is  about  271  gpm.  Computations  are  shown  in 
figure  75. 

Computations  made  with  the  nonleaky  artesian  formula, 
the  given  hydraulic  properties,  and  available  drawdown, 
indicate  that  the  aquifer  would  yield  more  than  600  gpm  to 
an  8-inch  well.  However,  pumping  the  well  at  continuous 
rates  exceeding  271  gpm  would  probably  result  in  a  short 
service  life. 
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Figure  75.  Mechanical  analyses  of  samples  of  an  aquifer  af  Woodstock 


Figure  76. 


Mechanical  analyses  of  samples  of  an  aquifer  near  Mossville 
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For  a  demonstration  of  the  design  of  a  natural  pack  well, 
consider  the  grain  size  distribution  curves  in  figure  76.  The 
sieve  analyses  are  for  samples  taken  from  a  test  well  owned 
by  the  Caterpillar  Tractor  Company  and  located  near  Moss- 
ville.  The  coefficients  of  transmissibility,  permeability,  and 
storage  of  the  sand  and  gravel  aquifer  are  340,000  gpd/ft, 
8100  gpd/sq  ft,  and  0.09,  respectively.  The  saturated  thick¬ 
ness  of  the  aquifer  is  42  feet. 

The  50-per-cent  size  of  the  materials  in  the  finest  sample 
is  less  than  4  times  the  50-per-cent  size  of  the  materials  in 
the  coarsest  sample ;  therefore,  the  slot  size  is  not  tailored  to 
individual  samples  but  is  based  on  the  mechanical  analysis 
of  the  finest  sample.  The  effective  grain  sizes  of  both  sam¬ 
ples  are  greater  than  0.01  inch  and  the  average  uniformity 
coefficient  is  3.  A  natural  pack  well  is  therefore  indicated. 
The  materials  overlying  the  aquifer  will  not  easily  cave  so 
the  sieve  size  (0.04  inch)  that  retains  40  per  cent  of  the 
aquifer  materials  is  selected  as  the  proper  slot  size. 

Suppose  a  pumping  rate  of  1000  gpm  is  desired.  The 


proper  length  of  the  screen  can  be  estimated  with  equation 
71.  The  optimum  screen  entrance  velocity,  from  table  4,  is 
equal  to  12  fpm,  and  the  proper  diameter  of  the  screen 
considering  pump  requirements  is  estimated  to  be  12  inches. 
The  effective  open  area  of  a  continuous-slot,  40-slot,  12- 
inch-diameter  screen  is  about  0.45  sq  ft  for  each  foot  of 
screen.  Substitution  of  the  above  data  in  equation  71  indi¬ 
cates  that  the  screen  should  be  about  25  feet  long.  Computa¬ 
tions  are  given  in  figure  76. 

Alternate  designs  are  possible  if  the  well  diameter  is  not 
limited  by  pump  requirements.  Computations  indicate  that 
a  24-inch-diameter,  40-slot,  continuous-slot  screen  that  is 
15  feet  long  will  also  yield  1000  gpm  with  a  long  service 
life. 

A  shorter  8-inch  screen  can  be  used  if  an  artificial  pack 
well  is  constructed  instead  of  a  natural  pack.  Analysis  of 
figure  76  indicates  that  a  100-slot,  continuous-slot  screen 
that  is  22  feet  long  will  also  yield  1000  gpm  with  a  long 
service  life. 
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Conclusions 

It  is  often  possible  to  evaluate  well  and  aquifers  with  analytical  methods  by 
devising  approximate  methods  of  analysis  based  on  idealized  models  of  aquifer  situa¬ 
tions.  Comparisons  of  computed  and  actual  water-level  declines  in  areas  where  case 
histories  of  ground-water  development  are  available  indicate  that  aquifer  behavior 
actually  does  coincide  rather  closely  with  what  may  be  predicted  theoretically  with 
model  aquifers  and  mathematical  models. 

It  is  apparent  that  quantitative  answers  depend  primarily  upon  the  accurate 
description  of  geologic  and  hydrologic  controls.  In  the  future,  as  the  techniques  of 
ground-water  resource  evaluation  are  refined,  a  need  for  more  precise,  quantitative 
data  concerning  requisite  geologic  information  will  develop. 

Formulas  and  methods  given  in  this  report  should  not  be  used  without  due  regard 
to  basic  assumptions.  Diverse  results  and  vexations  will  arise  if  attempts  are  made  to 
force  the  application  of  formulas  to  aquifer  situations  differing  greatly  from  ideal 
conditions. 
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APPENDIX  A 


Values  of  W(u,r/B) 


0 

0.001 

0.002 

0.003 

0.004 

0.005 

0.006 

0.007 

0.008 

0.009 

0.01 

00 

14.0474 

12.6611 

11.8502 

11.2748 

10.8286 

10.4640 

10.1557 

9.8887 

9.6532 

9  4425 

nooooi 

13.2383 

13.0031 

12.4417 

11.8153 

11.2711 

10.8283 

10.4640 

10.1557 

9.8887 

12.5451 

12.4240 

12.1013 

11.6716 

11.2259 

10.8174 

10.4619 

10.1554 

9.8886 

9.6532 

12.1397 

12.0581 

11.8322 

11.5098 

11.1462 

10.7849 

10.4509 

10.1523 

9.8879 

9.6530 

9  4425 

11  8520 

11.7905 

11.6168 

11.3597 

11.0555 

10.7374 

10.4291 

10.1436 

9.8849 

9.6521 

9.4422 

.000005 

1 1 .6289 

1 1 .5795 

1 1 .4384 

11.2248 

10.9642 

10.6822 

10.3993 

10.1290 

9.8786 

9.6496 

9  4413 

nooon6 

11.4465 

11.4053 

11.2866 

11.1040 

10.8764 

10.6240 

10.3640 

10.1094 

9.8686 

9.6450 

9.4394 

11.2924 

11.2570 

11.1545 

10.9951 

10.7933 

10.5652 

10.3255 

10.0862 

9.8555 

9.6382 

9  4361 

11.1589 

11.1279 

11.0377 

10.8962 

10.7151 

10.5072 

10.2854 

10.0602 

9.8398 

9.6292 

9  4313 

.000009 

11.0411 

11.0135 

10.9330 

10.8059 

10.6416 

10.4508 

10.2446 

10.0324 

9.8219 

9.6182 

9.4251 

mnni 

10.9357 

10.9109 

10.8382 

10.7228 

10.5725 

10.3963 

10.2038 

10.0034 

9.8024 

9.6059 

9.4176 

0000? 

10.2426 

10.2301 

10.1932 

10.1332 

10.0522 

9.9530 

9.8386 

9.7126 

9.5781 

9.4383 

9.2961 

00003 

9.8371 

9.8288 

9.8041 

9.7635 

9.7081 

9.6392 

9.5583 

9.4671 

9.3674 

9.2611 

9.1499 

00004 

9.5495 

9.5432 

9.5246 

9.4940 

9.4520 

9.3992 

9.3366 

9.2653 

9.1863 

9.1009 

9.0102 

.00005 

9.3263 

9.3213 

9.3064 

9.2818 

9.2480 

9.2052 

9.1542 

9.0957 

9.0304 

8.9591 

8.8827 

00006 

9.1440 

9.1398 

9.1274 

9.1069 

9.0785 

9.0426 

8.9996 

8.9500 

8.8943 

8.8332 

8.7673 

00007 

8.9899 

8.9863 

8.9756 

8.9580 

8.9336 

8.9027 

8.8654 

8.8224 

8.7739 

8.7204 

8.6625 

00008 

8.8563 

8.8532 

8.8439 

8.8284 

8.8070 

8.7798 

8.7470 

8.7090 

8.6661 

8.6186 

8.5669 

.00009 
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8.7358 

8.7275 

8.7138 

8.6947 

8.6703 

8.6411 

8.6071 

8.5686 

8.5258 

8.4792 

0001 

8.6332 

8.6308 

8.6233 

8.6109 

8.5937 

8.5717 

8.5453 

8.5145 

8.4796 

8.4407 

C.3983 

000? 

7.9402 

7.9390 

7.9352 

7.9290 

7.9203 

7.9092 

7.8958 

7.8800 

7.8619 

7.8416 

7.8192 

0003 

7.5348 

7.5340 

7.5315 

7.5274 

7.5216 

7.5141 

7.5051 

7.4945 

7.4823 

7.4686 

7.4534 

0004 

7.2472 

7.2466 

7.2447 

7.2416 

7.2373 

7.2317 

7.2249 

7.2169 

7.2078 

7.1974 

7.1859 

.0005 

7.0242 

7.0237 

7.0222 

7.0197 

7.0163 

7.0118 

7.0063 

6.9999 

6.9926 

6.9843 

6.9750 

0006 

6.8420 

6.8416 

6.8403 

6.8383 

6.8353 

6.8316 

6.8271 

6.8218 

6.8156 

6.8086 

6.8009 

0007 

6.6879 

6.6876 

6.6865 

6.6848 

6.6823 

6.6790 

6.6752 

6.6706 

6.6653 

6.6594 

6.6527 

0008 

6.5545 

6.5542 

6.5532 

6.5517 

6.5495 

6.5467 

6.5433 

6.5393 

6.5347 

6.5295 

6.5237 

.0009 

6.4368 

6.4365 

6.4357 

6.4344 

6.4324 

6.4299 

6.4269 

6.4233 

6.4192 

6.4146 

6.4094 

001 

\ 

6.3315 

6.3313 

6.3305 

6.3293 

6.3276 

6.3253 

6.3226 

6.3194 

6.3157 

6.3115 

6.3069 

002 

5.6394 

5.6393 

5.6389 

5.6383 

5.6374 

5.6363 

5.6350 

5.6334 

5.6315 

5.6294 

5.6271 

003 

5.2349 

5.2348 

5.2346 

5.2342 

5.2336 

5.2329 

5.2320 

5.2310 

5.2297 

5.2283 

5.2267 

004 

4.9482 

4.9482 

4.9480 

4.9477 

4.9472 

4.9467 

4.9460 

4.9453 

4.9443 

4.9433 

4.9421 

.005 

4.7261 

4.7260 

4.7259 

4.7256 

4.7253 

4.7249 

4.7244 

4.7237 

4.7230 

4.7222 

4.7212 

006 

4.5448 

4.5448 

4.5447 

4.5444 

4.5441 

4.5438 

4.5433 

4.5428 

4.5422 

4.5415 

4.5407 

007 

4.3916 

4.3916 

4.3915 

4.3913 

4.3910 

4.3908 

4.3904 

4.3899 

4.3894 

4.3888 

4.3882 

008 

4.2591 

4.2590 

4.2590 

4.2588 

4.2586 

4.2583 

4.2580 

4.2576 

4.2572 

4.2567 

4.2561 

.009 

4.1423 

4.1423 

4.1422 

4.1420 

4.1418 

4.1416 

4.1413 

4.1410 

4.1406 

4.1401 

4.1396 

01 

4.0379 

4.0379 

4.0378 

4.0377 

4.0375 

4.0373 

4.0371 

4.0368 

4.0364 

4.0360 

4.0356 

02 

3.3547 

3.3547 

3.3547 

3.3546 

3.3545 

3.3544 

3.3543 

3.3542 

3.3540 

3.3538 

3.3536 

03 

2.9591 

2.9591 

2.9591 

2.9590 

2.9590 

2.9589 

2.9589 

2.9588 

2.9587 

2.9585 

2.9584 

04 

2.6813 

2.6812 

2.6812 

2.6812 

2.6812 

2.6811 

2.6810 

2.6810 

2.6809 

2.6808 

2.6807 

.05 

2.4679 

2.4679 

2.4679 

2.4679 

2.4678 

2.4678 

2.4678 

2.4677 

2.4676 

2.4676 

2.4675 

06 

2.2953 

2.2953 

2.2953 

2.2953 

2.2952 

2.2952 

2.2952 

2.2952 

2.2951 

2.2950 

2.2950 

07 

2.1508 

2.1508 

2.1508 

2.1508 

2.1508 

2.1508 

2.1507 

2.1507 

2.1507 

2.1506 

2.1506 

.08 

2.0269 

2.0269 

2.0269 

2.0269 

2.0269 

2.0269 

2.0269 

2.0268 

2.0268 

2.0268 

2.0267 

.09 

1.9187 

1.9187 

1.9187 

1.9187 

1.9187 

1.9187 

1.9187 

1.9186 

1.9186 

1.9186 

1.9185 

1 

1.8229 

1.8229 

1.8229 

1.8229 

1.8229 

1.8229 

1.8229 

1.8228 

1.8228 

1.8228 

1.8227 

.2 

1.2227 

1.2226 

1.2226 

1.2226 

1.2226 

1.2226 

1.2226 

1.2226 

1.2226 

1.2226 

1.2226 

.3 

0.9057 

0.9057 

0.9057 

0.9057 

0.9057 

0.9057 

0.9057 

0.9057 

0.9056 

0.9056 

0.9056 

.4 

7024 

7024 

7024 

7024 

7024 

7024 

7024 

7024 

7024 

7024 

7024 

.5 

5598 

5598 

5598 

5598 

5598 

5598 

5598 

5598 

5598 

5598 

5598 

.6 

4544 

4544 

4544 

4544 

4544 

4544 

4544 

4544 

4544 

4544 

4544 

.7 

3738 

3738 

3738 

3738 

3738 

3738 

3738 

3738 

3738 

3738 

3738 

.8 

3106 

3106 

3106 

3106 

3106 

3106 

3106 

3106 

3106 

3106 

3106 

.9 

2602 

2602 

2602 

2602 

2602 

2602 

2602 

2602 

2602 

2602 

2602 

1.0 

0.2194 

0.2194 

0.2194 

0.2194 

0.2194 

0.2194 

0.2194 

0.2194 

0.2194 

0.2194 

0.2194 

2.0 

489 

489 

489 

489 

489 

489 

489 

489 

489 

489 

489 

3.0 

130 

130 

130 

130 

130 

130 

130 

130 

130 

13b 

130 

4.0 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

5.0 

11 

11 

11 

11 

11 

" 

11 

11 

11 

11 

11 

6.0 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

7.0 

8.0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(  FROM  HANTUSH,  1956 ) 
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APPENDIX  A  (CONTINUED) 
Values  of  W(u,r/B) 


0  01 

0.015 

0.02 

0.025 

0.03 

0  035 

0.04 

0.045 

0.05 

0055 

0  06 

0.065 

0.07 

0.075 

008 

0  085 

009 

0  095 

0  10 

0 

°  4425 

8.6319 

8.0569 

7  6111 

7.2471 

6  9394 

6.6731 

6  4383 

6.2285 

6.0388 

5.8658 

5.7067 

5.5596 

5.4228 

5  2950 

5.1750, 

5  0620 

4  9553 

4  8  541 

000001 

00000? 

000003 

V  4425 

000004 

9  4422 

000005 

9.4413 

000006 

9  4394 

000007 

9  4361 

8.6319 

000008 

9  4313 

8  6318 

000009 

9  4251 

8  6316 

00001 

9  4176 

8  6313 

8.0569 

J0002 

9.2961 

8.6152 

8.0558 

76111 

7.2471 

00003 

9.1499 

8.5737 

8  0483 

7  6101 

7. 2470 

00004 

9.0102 

8.5168 

8  0320 

7  6069 

7  2465 

6  9394 

6.6731 

00005 

8  8827 

8.4533 

8  0080 

7  6000 

7  2450 

6  9391 

6.6730 

00006 

8  7673 

8.3880 

7  9786 

7.5894 

7.2419 

6.9384 

6.6729 

6.4383 

00007 

8  6625 

8  3233 

7.9456 

7  5754 

7  2371 

6.9370 

6  6726 

6.4382 

6.2285 

00008 

8  5669 

8  2603 

7  9105 

7  5589 

7  2305 

6.9347 

6  6719 

6.4361 

6.2284 

00009 

8  4792 

8.1996 

7  8743 

7.5402 

7.2222 

6.9316 

6.6709 

6  4378 

6.2283 

0001 

8.3983 

8.1414 

7.8375 

7.5199 

7.2122 

6  9273 

6.6693 

6.4372 

6.2282 

6  0388 

5.8658 

5.7067 

5  5596 

5  4228 

5.2950 

0002 

7  8192 

7  6780 

7.4972 

7.2898 

7.0685 

6.8439 

6.6242 

6  4143 

6.2173 

6.0338 

5.8637 

5  7059 

5.5593 

5.4227 

5.2949 

5.1750 

5.0620 

0003' 

7  4534 

7.3562 

7.2281 

7  0759 

6  9068 

6.7276 

6.5444 

6.3623 

6  1848 

6.0145 

5  8527 

5  6999 

5  5562 

5  4212 

5  294  2 

5  1747 

0004 

7.1859 

7  1119 

70128 

6.8929 

6.7567 

6.6088 

6  4538 

6.2955 

6.1373 

5.9818 

5.8309 

5.6860 

5  5476 

5  4160 

5  2912 

5. 1 730 

0005 

6.9750 

6.9152 

6.8346 

6.7357 

6.6219 

6  4964 

6.3626 

6.2236 

6.0821 

5.9406 

5.8011 

5.6648 

5.5330 

5  4062 

5  2848 

5.1689 

5.0585 

4.9532 

4.8530 

0006 

6.8009 

6.7508 

6.6828 

6.5988 

6.5011 

6.3923 

6.2748 

6.1512 

6.0239 

5.8948 

5  7658 

5.6383 

5.5134 

5  3921 

5.2749 

5.1621 

0007 

6.6527 

6.6096 

6.5508 

6.4777 

6.3923 

6.2962 

6.1917 

6  0807 

5.9652 

5  8468 

5  7274 

5.6081 

5.4902 

5  3745 

5.2618 

5.1526 

0006 

6.5237 

6  4858 

6.4340 

6.3695 

6.2935 

6.2076 

6.1136 

6  0129 

5.9073 

5  7982 

5.6873 

5.5755 

5  4642 

5.3542 

5.2461 

5.1406 

0009 

6.4094 

6.3757 

6.3294 

6.2716 

6.2032 

6.1256 

6.0401 

5.9481 

5.8509 

5.7500 

5.6465 

5.5416 

5.4364 

5.3317 

5.2282 

5.1266 

50272 

4.9306 

4.8368 

001 

6.3069 

6  2765 

6.2347 

6.1823 

6.1202 

6.0494 

5.9711 

5  8864 

5.7965 

5.7026 

5.6058 

5.5071 

5.4075 

5.3078 

5.2087 

5.1105 

OC? 

5.6271 

5.6118 

5.5907 

5.5638 

5.5314 

5.4939 

5.4516 

5.4047 

5.3538 

5.2991 

5.2411 

5.1803 

5.1170 

5.0517 

4  9846 

003 

5.2267 

5.2166 

5.2025 

5.1845 

5.1627 

5.1373 

5.1084 

5.0762 

5.0408 

5.0025 

4.9615 

4.9180 

4.8722 

4.8243 

4.7746 

4.7234 

004 

4  9421 

4  9345 

4  9240 

4.9105 

4.e941 

4  8749 

4.8530 

4  8286 

4.8016 

4.7722 

4.7406 

4.7068 

4  6710 

4.6335 

4.5942 

4.5533 

003 

4  7212 

4.7152 

4  7068 

4  6960 

4.6829 

4.6675 

4.6499 

4  6302 

4.6084 

4.5846 

4.5590 

4.5314 

4.5022 

4.4713 

4.4389 

4.4050 

4  3699 

4  3335 

4  2960 

006 

4.5407 

4.5357 

4.5287 

4.5197 

4.5088 

4.4960 

4.4814 

4.4649 

4.4467 

4  4267 

4.4051 

4.3819 

4.3573 

4.3311 

4.3036 

4.2747 

007 

4.3882 

4.3839 

4.3779 

4.3702 

4  3609 

4  3500 

4.3374 

4.3233 

4.3077 

4  2905 

4.2719 

4.2518 

4  2305 

4.2078 

4  1819 

4  1588 

008 

4  2561 

4  2524 

4  2471 

4.2404 

4  aJ23 

4  2228 

4.2118 

4  1994 

4.1857 

4.1707 

4.1544 

4.136C 

4.1180 

4  0980 

4.0769 

4.0547 

009 

4  1396 

4  1363 

4.1317 

4.1258 

4.1186 

4.1101 

4  1004 

4.0894 

4.0772 

4.0636 

4.0493 

4.0336 

4.0169 

3.9991 

3  9802 

3.9603 

3.9395 

3.9178 

3  8952 

01 

4.0356 

4.0326 

4.0285 

4.0231 

4.0167 

4  0091 

4.0003 

3.9905 

3.9795 

3.9675 

3.9544 

3  9403 

3.9252 

3.9091 

3.8920 

3.8741 

3.8552 

3.8356 

3.8150 

02 

3.3536 

3.3521 

3  3502 

3.3476 

3  3444 

3.3408 

3.3365 

3.3317 

3.3264 

3.3205 

3.3141 

3.3071 

3.2997 

3.2917 

3.2832 

3  2742 

3.2647 

3  2547 

3.2442 

03 

2  9584 

2.9575 

2.9562 

2  9545 

2,9523 

2.9501 

2.9474 

2.9444 

2.9409 

2.9370 

2  9329 

2  9  284 

2  9235 

2.9163 

2.9127 

2.9069 

2.9007 

2.8941 

2.8873 

04 

2.6807 

2.6800 

2.6791 

2.6779 

2  6765 

2.6747 

2.6727 

2.6705 

2.6680 

2.6652 

2.6622 

2.6589 

2.6553 

2.6515 

2.6475 

2.6432 

2.6386 

2.6338 

2  62B8 

05 

2  4675 

2.4670 

2.4662 

2.4653 

2.4642 

2.4628 

2.4613 

2.4595 

2.4576 

2.4554 

2.4531 

2.4505 

2.4478 

2.4448 

2.4416 

2.4383 

2.4347 

2.4310 

2.4271 

06 

2  2950 

2.2945 

2.2940 

2  2932 

2.2923 

2  2912 

2.2900 

2.2885 

2.2870 

2.28  52 

2.2833 

2.281 2 

2.2790 

2.2766 

2.2740 

2.2713 

2.2684 

2.2654 

2.2622 

07 

2  1506 

2  1502 

2  1497 

2  1491 

2  1483 

2.1474 

2  1464 

2.1452 

2.1439 

2  1424 

2.1408 

2  1391 

2.1372 

2.1352 

2.1331 

2.1308 

2  1284 

2.1258 

2.1232 

08 

2  0267 

2.0264 

2  0260 

2.0255 

2.0248 

2  0240 

2  0231 

2.0221 

2.0210 

2.0198 

2.0184 

2.0169 

2.0153 

2  0136 

2.0118 

2.0099 

20078 

7  00** 

■><xcu 

09 

i  9163 

1.91B3 

l.y|/9 

1.91/4 

l  ytoy 

1.9104 

1.9104 

1  y|4& 

1.VI36 

1.9125 

1.9114 

1.9101 

1.9087 

1.9072 

1.9056 

1.9040 

1.9022 

1.9003 

1.8983 

1 

1.8227 

1.8225 

1.8222 

1.8218 

1.8213 

1.820/ 

1.8200 

1.8193 

1.8184 

1.8175 

1  8164 

1.8153 

1.8141 

1.8128 

1.8114 

1.8099 

1  8084 

1  8067 

1.8050 

2 

1  2226 

1  2225 

1  2224 

1.2222 

1.2220 

1.2218 

1  2215 

1.2212 

1.2209 

1.2205 

1.2201 

1.2196 

1.2192 

1.2186 

1.2181 

1.2175 

1.2168 

1.2162 

1.2155 

3 

0.9056 

0.9056 

0  9055 

0.9054 

0.9053 

0.9052 

0.9050 

0.9049 

0.9047 

0.9045 

0.9043 

0.9040 

0.9038 

0.9035 

0  9032 

0.9029 

0  9025 

0.9022 

0.9018 

4 

7024 

7023 

7023 

70  22 

7022 

7021 

7020 

7019 

7018 

7016 

7015 

7014 

7012 

7010 

7008 

7006 

7004 

7002 

7000 

5 

5598 

5597 

5597 

5597 

5596 

5596 

5595 

5594 

5594 

5593 

5592 

5591 

5590 

5588 

5587 

5586 

5584 

5583 

5581 

4544 

4544 

4543 

4543 

4543 

4542 

4542 

4542 

4541 

4540 

4540 

4539 

4538 

4537 

4536 

4535 

4534 

4533 

4532 

7 

3738 

3738 

3737 

3737 

3737 

3737 

3736 

3736 

3735 

3735 

3734 

3734 

3733 

3733 

3732 

3732 

3731 

3730 

3729 

r 

3106 

3106 

3106 

3106 

3105 

3105 

3105 

3105 

3104 

3104 

3104 

3103 

3103 

3102 

3102 

3101 

3101 

3100 

3100 

9 

2602 

2602 

2602 

2602 

2601 

2601 

2601 

2601 

2601 

2600 

2600 

2600 

2599 

2599 

2599 

2598 

2598 

2597 

2597 

1.0 

0.2194 

0.2194 

0.2194 

0.2194 

0.2193 

0.2193 

0.2193 

0.2193 

0.2193 

0.2193 

0.2192 

0.2192 

0.2192 

0.2191 

0.2191 

0.2191 

0.2191 

0.2190 

0.2190 

20 

489 

489 

489 

489 

4C9 

489 

489 

489 

489 

489 

489 

489 

489 

489 

489 

489 

489 

488 

488 

3.0 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

130 

4  0 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

5.0 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

6.0 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

8.0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

#  0 

0 

0 

0 

0 

0 

•  0 

APPENDIX  A  (CONTINUED) 
Values  of  w(u,r/B) 


Vb 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0.4 

0.45 

0.5 

0.55 

0.6 

0.65 

0.7 

0.75 

0.8 

0.85 

0.9 

- 1 

0.95 

1.0 

0 

4.8541 

4  0601 

3.5054 

3.0830 

2,7449 

2  4654 

2.2291 

2.0258 

1.8488 

1.6981 

1.5550 

1.4317 

1.3210 

1.2212 

1.1307 

1.0485 

0.9735 

0.9049 

0  8420 

.0001 

.0002 

0003 

0004 

0005 

4  8541 
4.8539 
4.8530 

0006 

0007 

.0008 

0009 

4.8510 

4.8478 

4.8430 

4.8368 

4  0601 
4.0600 
4.0599 
4.0598 

001 

002 

.003 

004 

005 

4  8292 
4.7079 
4.5622 
4.4230 

4  2960 

4.0595 

4.0435 

4.0092 

3.9551 

3.8821 

3.5054 

3.5043 

3.4969 

3.4806 

3.4567 

3.0830 

3.0821 

3.0788 

3.0719 

2.7449 

2/448 

2.7444 

2.7428 

7.4654 

2.4651 

2.2291 

2.2290 

006 

.007 

.008 

.009 

4.1812 

4.0771 

3.9822 

3.8952 

3.8384 

3.7529 

3.6903 

3.6302 

3  4274 
3.3947 
3.3598 
3.3239 

3.0614 
3.0476 
3.031 1 
3.0126 

2.7398 

2.7350 

2.7284 

2.7202 

2.4644 

2.4630 

2.4608 

2.4576 

2.2289 

2.2286 

2.2279 

2.2269 

2.0258 

2.0257 

2.0256 

2.0253 

1.8488 

1.8487 

.01 

.02 

.03 

.04 

.05 

3.8150 

3.2442 

2.8873 

2  6288 
2.4271 

3.5725 

3.1158 

2.8017 

2.5655 

2.3776 

3.2875 

2.9521 

2.6896 

2.4816 

2.3110 

2.9925 

2.7658 

2.5571 

2.3802 

2.2299 

2.7104 

2.5688 

2.4110 

2.2661 

2.1371 

2.4534 

2.3713 

2.2578 

2.1431 

2.0356 

2.2253 

2.1809 

2.1031 

2.0155 

1.9283 

2.0248 

2.0023 

1.9515 

1.8869 

1.8181 

1.8486 

1.8379 

1.8062 

1.7603 

1.7075 

1.6931 

1.6883 

1.6695 

1.6379 

1.5985 

1.5550 

1.5530 

1.5423 

1.5213 

1.4927 

1.4317 

1.4309 

1.4251 

1.4117 

1.3914 

1.3210 

1.3207 

1.3177 

1.3094 

1.2955 

1.2212 

1.2210 

1.2195 

1.2146 

1.2052 

1.1307 

1.1306 

1.1299 

1.1270 

1.1210 

1.0485 

1.0484 

1.0481 

1.0465 

1.0426 

0.9735 

9733 

9724 

9700 

0.9049 

9048 

9044 

9029 

0.8420 

8418 

8409 

.06 

.07 

.08 

.09 

2.2622 

2.1232 

2.0034 

1.8983 

2.2218 

2.0894 

1 .9745 
1.8732 

2.1673 

2.0435 

1.9351 

1.8389 

2.1002 

1.9867 

1.8861 

1.7961 

2.0227 

1.9206 

1.8290 

1.7460 

1.9369 

1.8469 

1.7646 

1.6892 

1.8452 

1.7673 

1.6947 

1.6272 

1.7497 

1.6835 

1.6206 

1.5609 

1.6524 

1.5973 

1.5436 

1.4918 

1.5551 

1.5101 

1.4650 

1.4206 

1.4593 

1.4232 

1.3860 

1.3486 

1.3663 

1.3380 

1.3078 

1.2766 

1.2770 

1.2551 

1.2310 

1.2054 

1.1919 

1.1754 

1.1564 

1.1358 

1.1116 

1.0993 

1.0847 

1.0682 

1.0362 

1.0272 

1.0161 

1.0032 

9657 

9593 

9510 

9411 

9001 

8956 

8895 

8819 

8391 

8360 

8316 

8759 

.1 

.2 

.3 

4 

.5 

1.8050 

1  2155 
0.9018 
7000 
5581 

1.7829 

1.2066 

0.8969 

6969 

5561 

1.7527 

1.1944 

0.8902 

6927 

5532 

1.7149 

1.1789 

0.8817 

6874 

5496 

1.6704 

1.1602 

0.8713 

6809 

5453 

1.6198 

1.1387 

0.8593 

6733 

5402 

1.5644 

1.1145 

0.8457 

6647 

5344 

1.5048 

1.0879 

0.8306 

6551 

5278 

1.4422 

1 .0592 
0.8142 
6446 
5206 

1.3774 

1.0286 

0.7964 

6332 

5128 

1.3115 

0.9964 

7775 

6209 

5044 

1.2451 

0.9629 

7577 

6080 

4955 

1.1791 

0.9284 

7369 

5943 

4860 

1.1140 

0.8932 

7154 

5801 

4761 

1.0505 

0.8575 

6932 

5653 

4658 

0.9890 

8216 

6706 

5501 

4550 

0.9297 

7857 

6476 

5345 

4440 

0.8730 

7501 

6244 

5186 

4326 

0.8190 

7148 

6010 

5024 

4210 

.6 

.7 

.8 

.9 

4532 

3729 

3100 

2597 

4518 

3719 

309? 

2591 

4498 

3704 

3081 

2583 

4472 

3685 

3067 

2572 

4441 

3663 

305C 

2559 

4405 

3636 

3030 

2544 

4364 

3606 

3008 

2527 

4317 

3572 

2982 

2507 

4266 

3534 

2953 

2485 

4210 

3493 

2922 

2461 

4150 

3449 

2889 

2436 

4086 

3401 

2853 

2408 

4018 

3351 

2815 

2378 

3946 

3297 

2774 

2347 

3871 

3242 

2732 

2314 

3793 

3183 

2687 

2280 

3712 

3123 

2641 

2244 

3629 

3060 

2592 

2207 

3543 

2996 

2543 

2168 

1.0 

2.0 

3.0 

4.0 

5.0 

0.2190 

488 

130 

38 

11 

0.2186 

488 

130 

38 

11 

0.2179 

487 

130 

38 

11 

0.2171 

486 

130 

38 

11 

0.2161 

485 

130 

38 

11 

0.2149 

484 

130 

38 

11 

0.2135 

482 

129 

38 

11 

0.2120 

480 

129 

37 

11 

0.2103 

477 

128 

37 

11 

0.2085 

475 

128 

37 

11 

0.2065 

473 

127 

37 

11 

0.2043 

470 

127 

•37 

11 

0.2020 

467 

126 

37 

11 

0.1995 

463 

125 

37 

11 

0.1970 

460 

125 

37 

11 

0.1943 

456 

124 

36 

11 

0.1914 

452 

123 

36 

11 

0.1885 

448 

123 

36 

H 

0.1855 

444 

122 

36 

11 

6.0 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

7.0 

8.0 

1 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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APPENDIX  B 


Values  of  Ko(-g-) 


N/i 

N  x  10“3 

N  x  10-2 

N  x  10"1 

N 

1.0 

7.0237 

4.7212 

2.4271 

0.4210 

1.1 

6.9284 

4.6260 

2.3333 

.3656 

1.2 

6.8414 

4.5390 

2.2479 

.3185 

1.3 

6.7613 

4.4590 

2.1695 

.2782 

1.4 

6.6872 

4.3849 

2.0972 

.2437 

1.5 

6.6182 

4.3159 

2.0300 

.2138 

1.6 

6.5537 

4.2514 

1.9674 

.1880 

1.7 

6.4931 

4.1908 

1.9088 

.1655 

1.8 

6.4359 

4.1337 

1.8537 

.1459 

1.9 

6.3818 

4.0797 

1.8018 

.1288 

2.0 

6.3305 

4.0285 

1.7527 

.1139 

2.1 

6.2818 

3.9797 

1.7062 

.1008 

2.2 

6.2352 

3.9332 

1.6620 

.0893 

2.3 

6.1908 

3.8888 

1.6199 

.0791 

2.4 

6.1482 

3.8463 

1.5798 

.0702 

2.5 

6.1074 

3.8056 

1.5415 

.0623 

2.6 

6.0682 

3.7664 

1.5048 

.0554 

2.7 

6.0304 

3.7287 

1.4697 

.0493 

2.8 

5.9941 

3.6924 

1.4360 

.0438 

2.9 

5.9590 

3.6574 

1.4036 

.0390 

3.0 

5.9251 

3.6235 

1.3725 

.0347 

3.1 

5.8923 

3. 5908 

1.3425 

.0310 

3.2 

5.8606 

3.5591 

1.3136 

.0276 

3.3 

5.8298 

3.5284 

1.2857 

.0246 

3.4 

5.7999 

3.4986 

1.2587 

.0220 

3.5 

5.7709 

3.4697 

1.2327 

.0196 

3.6 

5.7428 

3.4416 

1.2075 

.0175 

3.7 

5.7154 

3.4143 

1.1832 

.0156 

3.8 

5.6887 

3.3877 

1.1596 

.0140 

3.9 

5.6627 

3.3618 

1.1367 

.0125 

4.0 

5.6374 

3.3365 

1.1145 

.0112 

4.1 

5.6127 

3.3119 

1.0930 

.0100 

4.2 

5.5886 

3.2879 

1.0721 

.0089 

4.3 

5.5651 

3.2645 

1.0518 

.0080 

4.4 

5.5421 

3.2415 

1.0321 

.0071 

4.5 

5.5196 

3.2192 

1.0129 

.0064 

4*6 

5.4977 

3.1973 

0.9943 

.0057 

4.7 

5.4762 

3.1758 

.9761 

.0051 

4.8 

5.4551 

3.1549 

.9584 

.0046 

4.9 

5.4345 

3.1343 

.9412 

.0041 

5.0 

5.4143 

3.1142 

.9244 

.0037 

5.1 

5.3945 

3.0945 

.9081 

5.2 

5.3751 

3.0752 

.8921 

5.3 

5.3560 

3.0562 

.8766 

5.4 

5.3373 

3.0376 

.8614 

5.5 

5.3190 

3.0195 

.8466 

5.6 

5.3010 

3.0015 

.8321 

5.7 

5.2833 

2.9839 

.8180 

5.8 

5.2659 

2.9666 

.8042 

5.9 

5.2488 

2.9496 

.7907 

(  AFTER  HANTUSH,  1956  ) 


76 


APPENDIX  B  (CONTINUED) 


Values  of  Ko(-g-) 


N/  B 

N  x  10"3 

N  x  10"2 

N  x  10"1 

N 

6.0 

5.2320 

2.9329 

.7775 

.0012 

6.1 

5.2155 

2.9165 

.7646 

6.2 

5.1992 

2.9003 

.7520 

6.3 

5.1832 

2.8844 

.7397 

6.4 

5.1675 

2.8688 

.7277 

6.5 

5.1520 

2.8534 

.7159 

6 .6 

5.1367 

2.8382 

.7043 

6.7 

5.1216 

2.8233 

.6930 

6.8 

5.1068 

2.8086 

.6820 

6.9 

5.0922 

2.7941 

.6711 

7.0 

5.0779 

2.7798 

.6605 

.0004 

7.1 

5.0637 

2.7657 

.6501 

7.2 

5.0497 

2.7519 

.6399 

7.3 

5.0359 

2.7382 

.6300 

7.4 

5.0223 

2.7247 

.6202 

7.5 

5.0089 

2.7114 

.6106 

7.6 

4.9956 

2.6983 

.6012 

7.7 

4.9876 

2.6853 

.5920 

7.8 

4.9697 

2.6726 

.5829 

7.9 

4.4569 

2.6599 

.5740 

8.0 

4.9443 

2.6475 

.5653 

8.1 

4.9319 

2.6352 

.5568 

8.2 

4.9197 

2.6231 

.5484 

8.3 

4.9075 

2.6111 

.5402 

8.4 

4.8956 

2.5992 

.5321 

8.5 

4.8837 

2.5875 

.5242 

8.6 

4.8720 

2.5759 

.5165 

8.7 

4.8605 

2.5645 

.5088 

8.8 

4.8491 

2.5532 

.5013 

8.9 

4.8378 

2.5421 

.4940 

9.0 

4.8266 

2.5310 

.4867 

9.1 

4.8155 

2.5201 

.4796 

9.2 

4 . 8046 

2.5093 

.4727 

9.3 

4.7938 

2.4986 

.4658 

9.4 

4.7831 

2.4881 

.4591 

9.5 

4.7725 

2.4776 

.4524 

9.6 

4.7621 

2.4673 

.4459 

9.7 

4.7517 

2.4571 

.4396 

9.8 

4.7414 

2.4470 

.4333 

9.9 

4.7313 

2.4370 

.4271 

APPENDIX  C 

VALUES  OF  W(u) 


AT>v 

ATXlO-i* 

NX  10-** 

ATXlO->* 

NX  10-i> 

NX  10-H 

NX  10-1° 

4VX)0-« 

JVXIH 

•NX  10-' 

iVXKH 

NX  10-' 

NX10-* 

NX  10-> 

NX10-* 

NX1<H 

N 

1.0 . 

33. 9616 

31.6590 

29.  3564 

27. 0538 

24.7512 

22. 4486 

20. 1460 

17. 8435 

15.  5409 

13.2383 

10.9357 

8.6332 

6. 3315 

4. 0379 

1.8229 

0.  2194 

1.1 . 

33. 8602 

31.5637 

29.20H 

20.  9585 

24.  6559 

22. 3533 

20. 0507 

17. 7482 

15.  4456 

13. 1430 

10.8404 

8.  5379 

0.2363 

3.  9430 

1.7371 

.  1860 

1.2 . 

33.  7792 

31.4767 

29.  1741 

26.  8715 

24.  6689 

22.  2603 

19.9037 

17.  6611 

15.  3580 

13.0560 

10. 7534 

8.4509 

6. 1494 

3.  8570 

1.6595 

.  1584 

13 . 

33.  6992 

31.3966 

2}),  0940 

20.  7914 

24.  4889 

22. 1863 

19.8837 

17.6811 

15. 2785 

12. 9759 

10. 0734 

8. 3709 

0.0695 

3.  7785 

1.5889 

.  1355 

1.4.... 

33.  6251 

31.3225 

20.0199 

26.  7173 

24.4147 

22. 1122 

19.  8096 

17.  5070 

15.  2044 

12.0018 

10.  5993 

8.2%S 

5. 9955 

3.7054 

1.5241 

.  1162 

1.5 . 

33.  5561 

31.  2535 

28.  9509 

26,  0483 

24.  3458 

22. 0432 

19.  7406 

17.438C 

15. 1354 

12. 8328 

10.  5303 

8.2278 

5. 9266 

3.  6374 

1.4645 

.  1000 

1.6  -- 

33.  4916 

31. 1890 

28.  8864 

26.  6838 

24.  2812 

21.9786 

19.  6760 

17.3735 

15. 0709 

12.  7683 

10. 4657 

8.  1634 

5. 8621 

3.  5739 

1.  4092 

.08631 

r.7 . 

33. 4309 

31.1283 

28.  8258 

26.  5232 

24.  2206 

21.9180 

19.  6154 

17.3128 

15.0103 

12. 7077 

10. 4051 

8.  1027 

5.8010 

3.  5143 

1.3578 

.07465 

1.8... . 

33. 3738 

31.0712 

28.  7656 

20.  4660 

24. 1634 

21.  8608 

19.  5583 

17.  2557 

14.9531 

12.  0505 

10. 3479 

8. 0455 

5. 7446 

3.4581 

1.3098 

.06471 

1.9 . 

33.3197 

31.0171 

28.  7145 

26.4119 

24. 1094 

21.  8068 

19.  5042 

17.2016 

14.  8990 

12.  5964 

10. 2939 

7.9915 

5.6906 

3. 4050 

1.2649 

.05620 

2.0 . 

33.  2684 

30. 9658 

28.  6032 

26.  3607 

24.0581 

21.  7555 

19.  4529 

17. 1503 

14. 8477 

12.5451 

10. 2426 

7.9402 

5. 6394 

3.  3547 

1.2227 

.04890 

2.1 . 

33.2196 

30. 9170 

28.  0145 

26.3119 

24.  0093 

21.  7067 

19.  4041 

17. 1015 

14. 7989 

12.  4964 

10. 1938 

7.  8914 

5. 5907 

3.3069 

1. 1829 

.04261 

2.2 . 

33. 1731 

30. 8705 

28.  5679 

26.  2653 

23.9628 

21.  6602 

19.  3570 

17. 0550 

14. 7524 

12.  4498 

10. 1473 

7.8449 

5.  5443 

3.2614 

1. 1454 

.03719 

2.3 . 

33. 1286 

30. 8261 

28.  5235 

26.  2209 

23. 9183 

21.6157 

19.3131 

17.0106 

14.  7080 

12.  4054 

10. 1028 

7.8004 

5. 4999 

3. 2179 

1.  1099 

.03250 

2.4 . 

33. 0861 

30. 7835 

28.  4809 

26. 1783 

23. 8758 

21.  6732 

19.  2706 

10.9680 

14.  6654 

12.  3628 

10. 0603 

7.  7579 

5. 4576 

3. 1763 

1.0762 

.02844 

2.5 . . 

33. 0453 

30. 7427 

28.  4401 

26. 1375 

23.  8349 

21.5323 

19. 2298 

16. 9272 

14.0246 

12. 3220 

10.0194 

7.  7172 

5.4167 

3. 1365 

1.0443 

.02491 

2.6 . 

33.0060 

30.  7035 

28.  4009 

26-  0983 

23. 7957 

21. 4931 

19. 1905 

10.8880 

14.  5854 

12.2828 

9. 9802 

7.  6779 

5.  3776 

3.0983 

1.0139 

.02185 

2.7... . 

32.9683 

30.  6657 

28.3631 

26. 0606 

23. 7580 

21.4554 

19. 1528 

16.8502 

14. 5476 

12.  2450 

9. 9425 

7.6401 

5.  3400 

3.0615 

.9849 

.01918 

2.8 . 

32. 9319 

30,  6294 

28.  3268 

26. 0242 

23. 7216 

21.4190 

19.1164 

10.8138 

14.5113 

12.2087 

9. 9001 

7.  6038 

5. 3037 

3.0261 

.9573 

.01686 

2.9.... . 

32.  8968 

30.  5943 

28.2917 

25. 9891 

23.  6865 

21.3839 

19. 0813 

16.  7788 

14.  4762 

12.  1736 

9. 8710 

7.  5687 

5.  2687 

2.9920 

.9309 

.01482 

3.0 . 

32. 8629 

30. 5604 

28.  2578 

25.  9552 

23.  6526 

21.3500 

19.0474 

10.  7449 

14.4423 

12. 1397 

9.  8371 

7.  5348 

5.  2349 

2. 9591 

.9057 

.01305 

3.1 . 

32. 8302 

30.  5276 

28.  2250 

25.  9224 

23.  6198 

21.3172 

19.0146 

16.7121 

14.4095 

12.  1069 

9.8043 

7.5020 

5.  2022 

2. 9273 

.8815 

.01149 

3.2 . 

32.  7984 

30. 4958 

28.  1932 

25.  8907 

23.5881 

21.2855 

18.9829 

10.  G803 

14.3777 

12.0751 

9.  7726 

7.  4703 

5. 1700 

2.8965 

.8583 

. 01C13 

3.3 . 

32.  7676 

30.4651 

28.  1625 

25. 8599 

23.  5573 

21.  2547 

18. 9521 

16.  6495 

14.3470 

12.  0444 

9. 7418 

7.  4395 

5. 1399 

2.8668 

.8361 

.008939 

3.4 . 

32.  7378 

30. 4352 

28.  1326 

25. 8300 

23.  5274 

21.2249 

18. 9223 

10.  0197 

14.3171 

12.0145 

9.7120 

7.  4097 

6. 1102 

2  8379 

.8147 

.  007891 

3.5 . 

32.  7088 

30.  4062 

28.  1030 

25.8010 

23.  4985 

21.  1959 

18. 8933 

10.5.907 

14.2881 

11.9855 

9.  6830 

7.3807 

5.0813 

2.8099 

.7942 

.006970 

3.6 . 

32.  6806 

30.  3780 

28. 0755 

25. 7729 

23.  4703 

21.  1677 

18.  8051 

16.  5625 

14.  2599 

11.9574 

9.  6548 

7.  3520 

5.0532 

2. 7827 

.7745 

.006160 

3.7 . 

32.  6532 

30. 3506 

28. 0481 

25.  7456 

23.  4429 

21.  1403 

18.  8377 

10.  5351 

14.  2325 

1 1 . 9300 

9.  6274 

7.  3252 

5. 0259 

2.  7563 

.7554 

.  00544H 

3.8 . 

32.  6200 

30. 3240 

28.0214 

25.7188 

23.4162 

21.1136 

18.8110 

16.  5085 

14.2059 

11.903  3 

9.6007 

7.  2985 

4.9993 

2.  7306 

.7371 

. U04820 

3.9 . 

32.  6006 

30.  2980 

27.9954 

25.  6928 

23.  3902 

21. 0877 

18.  7851 

10-  4825 

14. 1709 

11.8773 

9.  5748 

7.  2725 

4. 9735 

2.  7056 

.7194 

.004267 

4  0 . 

32.  5753 

30. 2727 

27.  9701 

25.  Cb<  j 

23.  3649 

21.0623 

18.  7598 

10.4572 

14. 1546 

11.8520 

9.  5495 

7.  2472 

4.  9482 

2.6813 

.7024 

.003779 

4  1 . 

32.  5506 

30.2480 

27.  9454 

25.  6428 

23.  3402 

21.0376 

IS. 7351 

1G.  4325 

14. 1209 

11.8273 

9.  5248 

7.  2225 

4.9236 

2.  6570 

.6859 

.003349 

4  2 . 

32.  5265 

30.  2239 

27.  9213 

25. 6187 

23.3101 

21.0136 

18.7110 

16.  4084 

14. 1658 

11.8032 

9.5007 

7. 1985 

4.  8997 

2.  6344 

.6700 

. 002969 

4  3 . 

32.  5029 

30. 2004 

27.  8978 

25.  5952 

23. 2926 

20.9900 

18.  6874 

16. 3818 

14.0823 

1 1 . 7797 

9.4771 

7. 1749 

4. 8762 

2.6119 

.6546 

.  U02633 

4.4 . 

32. 4800 

30. 1771 

27.  8748 

25.  5722 

23.  2096 

20. 9670 

18.6644 

10. 3619 

14.0593 

11.7507 

9.  454! 

7. 1520 

4.8533 

2.  5899 

.6397 

.002336 

4  5 . 

32.  4575 

30.  1549 

27. 8523 

25.  6497 

23.  2471 

20. 9446 

18.  6420 

10.3394 

14.0368 

11.7342 

9. 4317 

7.1295 

4.8310 

2.5684 

.6253 

. 002073 

4  6 . 

32. 4355 

30. 1329 

27. 8303 

25.  5277 

23. 2252 

20. 9226 

18. 6200 

16.3174 

14.0148 

11.7122 

9.4097 

7. 1075 

4.8091 

2.  5474 

.6114 

.001841 

4.7 . 

32.4140 

30. 1114 

27.  8088 

25.  5062 

23.  2037 

20.9011 

18.  5085 

16. 2959 

13. 9933 

11.6907 

9.  3882 

7. 0860 

4.7877 

2.  5268 

.5979 

.001635 

4.8 . 

32. 3929 

30.0901 

27.  7878 

25.  4852 

23. 1826 

20.8800 

18.  5774 

16. 2748 

13. 9723 

11.  0697 

9. 3071 

7. 0650 

4. 7667 

2.5068 

.5848 

.001453 

4.9... . 

32. 3723 

30. 0697 

27.  7672 

25.  4640 

23. 1620 

20.  8594 

18.  5568 

16. 2542 

13.9516 

11  6491 

9. 3405 

7.0444 

4. 7462 

2. 4871 

.5721 

.001291 

5.0 . 

32.  3521 

30.  0495 

27. 7470 

25.  -*444 

23. 1418 

20. 8392 

18. 53GG 

1G.  2340 

13. 9314 

11  6289 

9.  3263 

7.  0242 

4.7261 

2. 4679 

.5598 

.001148 

5.1 . . 

32.  3323 

30. 0297 

27. 7271 

25. 4246 

23. 1220 

20.8194 

18.5168 

16.  2142 

13.9116 

11  6091 

9. 3065 

7.0044 

4.7064 

2. 4491 

.5478 

.001021 

5.2 . 

32.  3129 

30.0103 

27.  7077 

25.  4051 

23. 1026 

20.8000 

18.  4974 

16.  1948 

13.8922 

11.58% 

9. 2871 

6.  9850 

4.6871 

2.4306 

.5362 

.0009086 

5.3 . 

32.  2939 

29.  9913 

27.  6887 

25.  2.801 

23. 0835 

20. 7809 

18. 4783 

16. 1758 

13.  8732 

11.6706 

9.  2681 

6.  %59 

4.6681 

2.4126 

.5250 

.  0008086 

5.4 _ 

32.  2752 

29. 9726 

27. 6700 

25. 3074 

23. 0648 

20.  7622 

18.  45% 

16. 1571 

13.  8.545 

11.5519 

9.2494 

6.9473 

4.6495 

2.  3948 

.5140 

.0007198 

5.5 . 

32.2568 

29. 9542 

27. 6516 

25. 3 191 

23. 0465 

20.  7439 

18. 4413 

16. 1387 

13.  8361 

1 1  5336 

9.2310 

6. 9289 

4.6313 

2.  3775 

.5034 

.0006409 

5.6 . 

32.  2388 

29. 9362 

27. 6336 

25  3310 

23. 0285 

20  7259 

18. 4233 

16. 1207 

13.8181 

11.5155 

9.2130 

6  9109 

4.6134 

2.3604 

.4930 

.0005708 

5.7 . 

32.  221 1 

29.  9185 

27.6159 

25. 3133 

23. 0103 

20. 7082 

18.4056 

16. 1030 

13.  8004 

11.4978 

9. 1953 

6. 8932 

4. 59.58 

2.3437 

.4830 

.0005085 

5.8 . 

32.  2037 

29.9011 

27. 5985 

25.  2959 

22. 9931 

20.  6908 

18.  3882 

16.0856 

13.  7830 

11.4804 

9.  1779 

6. 8758 

4.  5785 

2. 3273 

.4732 

.0004532 

5.9 . 

32. 1866 

29.  8840 

27.  5314 

25. 2789 

22. 9763 

20. 6737 

18. 3711 

16.0685 

13. 7659 

11  4033 

9.  1608 

6.8588 

4.5615 

2.3111 

.4637 

.0004039 

6.0 . 

32. 1698 

29.  8672 

27.  5646 

25. 2620 

22. 9595 

20. 6569 

18. 3543 

16.  0517 

13.7491 

11.4465 

9  1440 

6. 8420 

4.  5448 

2.  2953 

.4544 

.0003601 

6.1 . 

32. 1533 

29.  8507 

27.  5481 

25.  2455 

22. 9429 

20. 6403 

18. 3378 

10. 0352 

13.  7326 

11.  4300 

9.  1276 

6. 8254 

4.6283 

2.  2797 

.4454 

.0003211 

6  2 . 

32. 1370 

29.8314 

27.  5318 

25.  2293 

22. 9267 

20. 6241 

18. 3215 

16.0189 

13.7163 

11  4138 

9. 1112 

6. 8092 

4.5122 

2.2645 

.4366 

.0002864 

6.3 . 

32. 1210 

29.8184 

27.  5158 

25.  2133 

22.  9107 

20. 6081 

18. 3055 

16.  0029 

13.  7003 

11.3978 

9. 0952 

6. 7932 

4.  4963 

2.2494 

.4280 

.0002555 

6.4 _ 

32. 1053 

29.  8027 

27.5001 

25. 1975 

22.  8949 

29.  5923 

18.  2898 

15.  9872 

13.  6840 

11.3820 

9. 0795 

6. 7775 

4.4806 

2.2346 

.4197 

.0002279 

6.5 . 

32.  0898 

29. 7872 

27.  4846 

25. 1820 

22. 8794 

20. 5768 

18. 2742 

15.9717 

13. 6691 

11.3665 

9.0640 

6.  7620 

4.4652 

2.2201 

.4115 

.0002034 

6.6 . 

32. 0745 

29. 7719 

27. 4693 

25. 1667 

22.  8041 

20. 5616 

18.  2590 

15.  9564 

13.  6538 

11.3512 

9  0487 

6.  7467 

4.4501 

2.  2058 

.4036 

.0001816 

6.7 . 

32.  0S»O 

29.  7569 

27.  4543 

25. 1517 

22.  8491 

20.  5465 

18.  2439 

15.9414 

13.  6388 

11.3362 

9. 0337 

6. 7317 

4. 4351 

2. 1917 

.3959 

.0001021 

6.8 . 

32. 0440 

29.  7421 

27. 4395 

25. 1369 

22. 8343 

20. 5317 

18. 2291 

15.  9265 

13. 6240 

11.3214 

9. 0189 

6.  7169 

4.  4201 

2. 1779 

.3883 

.0001448 

6.9 . 

32  0300 

29.  7275 

27.  4240 

25.1223 

22. 8197 

20.  5171 

18. 2145 

15.9119 

13.  G094 

11.3068 

9  0043 

G.  7023 

4  4059 

2.1643 

.3810 

.  OOU1293 

7.0 . 

32.0156 

29.7131 

27.4105 

25. 1079 

22.8053 

20.  5027 

18.2001 

15.8976 

13.  5950 

11  2924 

8. 9899 

6. 6879 

4.  3916 

2.1508 

.3733 

.0001155 

7.1 . 

32.0015 

29. 6989 

27.  3963 

25. 0937 

22.  7911 

20.  4885 

18. 1860 

15. 8834 

13.  5808 

11.2782 

8. 9757 

6. 6737 

4. 3775 

2. 1376 

.3668 

.  0001032 

7.2 . . . 

31.9875 

29  6849 

27.  3823 

25. 0797 

22.  7771 

20.  4746 

18. 1720 

15.  8694 

13.  5608 

11.2642 

8. 9617 

6. 6598 

4.  3636 

2. 1246 

.3599 

.0000921 

7.3 . 

31.9737 

29.  6711 

27.  3685 

25. 0G59 

22. 7633 

20.  4008 

18. 1582 

15. 8556 

13. 5530 

11.2504 

8.9479 

6.  6460 

4.3500 

2.1118 

.3532 

.0000823 

7.4 .  ... 

31.9601 

29. 6575 

27.  3.549 

25. 0523 

22.  7497 

20. 4472 

18. 1446 

15. 8420 

13. 5394 

11.2368 

8. 9343 

6  6324 

4.3364 

2.0991 

.3467 

.  000073G 

7.5 . 

31.9467 

29.6441 

27.  3415 

25. 0389 

22.  73C3 

20.  4337 

18. 1311 

15. 8286 

13.  5260 

11.2234 

8. 9209 

6.6190 

4.3231 

2. 0867 

.3403 

.0000658 

7.6 _ _ 

31.9334 

29.  6308 

27.  3282 

25. 0257 

22. 7231 

20.  4205 

18.  1179 

15. 8153 

13.5127 

11.2102 

8.  %76 

6. 6057 

4.3100 

2. 0744 

.3341 

.0000588 

7.7 . . 

31. 9203 

29.6173 

27.  3152 

25. 0126 

22.7100 

20. 4074 

18.  1048 

15.8022 

13.  4997 

11. 1971 

8.  8946 

6. 5927 

4.2970 

2. 0623 

.3280 

.0000526 

7.8... . . 

31.9074 

29.  6048 

27.  3023 

24. 9997 

22.  G971 

20.  3945 

18.0919 

15.  7893 

13.  4868 

11. 1842 

8.8817 

6. 6798 

4.  2842 

2.0503 

.3221 

.0000470 

7.9 . . 

31.8947 

29. 5921 

27. 2895 

24. 9869 

22.  6844 

20.  3818 

18.  0792 

15. 7766 

13. 4740 

11. 1714 

8.8689 

6.  5671 

4.2716 

2.0386 

.3163 

.0000421 

8.0 . 

31.8821 

29. 5795 

27.  2769 

24.  9744 

22. 6718 

20. 3692 

18.0606 

15.  7640 

13. 4614 

11. 1589 

8.8563 

6.  5545 

4.  2591 

2.0269 

.3106 

0000376 

8.1 _ _ 

31.8697 

29.5671 

27.2645 

24.9619 

22. 6594 

20.  3568 

18. 0542 

15.  7516 

13. 4490 

11. 1464 

8. 8439 

6.  5421 

4.2468 

2.0155 

.3050 

.0000337 

8.2... . 

31.8574 

29.  5548 

27.  2523 

24.  9497 

22.6471 

20. 3445 

18.  0419 

15. 7393 

13.  4367 

11. 1342 

8.8317 

6.  5298 

4.2346 

2.0042 

.29% 

.0000301 

8.3 . 

31. 8453 

29.  5427 

27. 2401 

24. 9375 

22. 6350 

20. 3324 

18. 0298 

15.  7272 

13.  4246 

11. 1220 

8.  8195 

6.  5177 

4.2226 

1.9930 

.2943 

.  000026? 

8.4 . 

31.8333 

29.  5307 

27.  2282 

24. 9256 

22. 6230 

20.  3204 

18.0178 

15.7152 

13.4126 

11. 1101 

8.  8076 

6. 5057 

4. 2107 

1.  9820 

.2891 

.0000241 

8.5 . 

31.8215 

29.  5189 

27.  2163 

24.9137 

22.6112 

20.  3086 

18.  0060 

15.7034 

1 3.  4008 

11.0982 

8.  7957 

6. 4939 

4. 1990 

1.9711 

.2840 

.0000216 

8.6 . 

31.8098 

29.  5072 

27.  2046 

24.9020 

22.5995 

20. 2969 

17. 9943 

15. 6917 

13. 3891 

11.0865 

8.  7840 

6. 4822 

4. 1874 

1.9604 

.2790 

.0000193 

8.7 . 

31.  7982 

29. 4957 

27. 1931 

24.8905 

22.  5879 

20.2853 

17. 9827 

15. 6801 

13.  3776 

11.0750 

8. 7725 

0. 4707 

4. 1759 

1.9498 

.2742 

.0000173 

8.8 . 

31.7868 

29.4842 

27. 1816 

24.  8790 

22.  5765 

20.  2739 

17. 9713 

15.  6687 

13.  3661 

11.0635 

8. 7610 

6. 4592 

4. 1646 

1.9393 

.2694 

.  0000155 

8.9. . . 

31. 7755 

29.  4729 

27. 1703 

24. 8678 

22. 5652 

20.  2626 

17.9600 

15. 6574 

13. 3548 

11.0523 

8.  7497 

6.  4480 

4. 1534 

1.92% 

.2647 

.  0000l3t 

9.0 . 

31.7643 

29. 4618 

27. 1592 

24.8566 

22. 5540 

20.2514 

17. 9488 

15. 0462 

13. 3437 

11.0411 

8.  7386 

0. 4368 

4. 1423 

1.9187 

.2602 

.0000124 

9.1 . 

31.  7533 

29.  4507 

27. 1481 

24. 8455 

22.  5429 

20.  2404 

17. 9378 

15. 6352 

13. 3326 

11.0300 

8. 7275 

6.4253 

4. 1313 

1. 9037 

.2557 

.0000111 

9.2 . 

31.7424 

29. 4398 

27. 1372 

24. 8346 

22.  5320 

20.  2294 

17. 9268 

15. 6213 

13. 3217 

11.0191 

8.7166 

6.4148 

4. 1205 

1. 8987 

.2513 

.  00000& 

9.3 . 

31.7315 

29.4290 

27. 1264 

24. 8238 

22.  5212 

20.2186 

17.9160 

15.6135 

13.3109 

11.0083 

8.  7058 

6.  4040 

4.  1098 

1.8888 

.2470 

.  00000& 

9.4 . . 

31.  7208 

29.4183 

27.1157 

24.8131 

22.  5105 

20.  2079 

17. 9053 

15.6028 

13.  3002 

10. 9976 

8. 6951 

6. 3934 

4.0992 

1.8791 

.2429 

. 000008( 

9.5 . 

31.7103 

29. 4077 

27. 1051 

24. 8025 

22. 4909 

20. 1973 

17.  8948 

15.  5922 

13.  28% 

10.  9870 

8. 6845 

«. 3828 

4.0887 

1.8695 

.2387 

.0000071 

9.6 . 

31.6998 

29. 3972 

27.  0946 

24.  7920 

22.  4895 

20.  1869 

17.  8843 

15.5817 

13.  2791 

10.  9765 

8.  6740 

6.  3723 

4.0784 

1.8599 

.2347 

.  000006* 

9.7 . 

31.6894 

29.  3868 

27.0843 

24.7817 

22. 4791 

20.  1765 

17. 8739 

15.5713 

13.  2688 

10.  9662 

8.6637 

6.  3620 

4.0681 

1.8505 

.2308 

.000005; 

9.8 . 

31.6792 

29. 37GG 

27. 07 ->0 

24. 7714 

22.4688 

20.1663 

17. 8637 

15.5611 

13.  2585 

10. 9559 

8. 6534 

6. 3517 

4. 0579 

1.8412 

.2269 

.0000051 

9.9 . 

31.6690 

29.  3664 

27.0630 

24.  7613 

22.4587 

20. 1561 

17. 8535 

15.  5509 

13.  2483 

10. 9458 

8. 6433 

6.3416 

4. 0479 

1.8320 

.2231 

.0000044 

(  FROM  WENZEL,  1942  ) 


78 


APPENDIX  D 

Values  of  GU,-^) 

D 


Vw/B 

V\ 

0 

lxlO-5 

2xl0-5 

4x10-5 

6x10-5 

9x10-5 

10'* 

2xl0-4 

4x10-* 

6xl0-4 

8x10-4 

lVs 

2x10-3 

4.10-3 

6xlO'3 

8x10-3 

10-2 

lxlO2 

2 

3 

4 

5 

).  346 
5.311 

5.  294 

5. 283 

3. 274 

0.311 

0.294 

0.283 

0.274 

0.311 

0.294 

0.283 

0.274 

0.311 

0.  294 
0.283 

0  275 

0.312 

0.  295 

0.  284 

0.  275 

0.346 

0.  312 

0.  295 
0.285 

0.  276 

6 

7 

8 

9 

3.268 

3. 263 

3. 258 

3.  254 

0.268 

0.263 

0.258 

0.254 

0.  268 
0.263 

0.  258 
0.255 

0.  268 
0.263 

0.  259 
0.256 

0.269 

0.  264 

0.  260 

0.  257 

0.  271 
0.266 
0.261 
0.258 

U103 

2 

3 

4 

5 

3.251 

3.232 

3.222 

3.215 

3. 210 

0.251 

0.232 

0.222 

0.215 

0. 210 

0. 252 

0.  233 
0.223 

0. 216 
0.212 

0.252 

0.  234 

0. 225 
0.219 
0.215 

0.254 

0.236 

0.  227 

0.  222 
0.218 

0.  255 

0.  239 

0.  231 
0.226 
0.222 

6 

7 

8 

9 

3. 206 

D.  203 

0. 201 
0.198 

0. 206 

0. 203 
0.201 

0.  198 

0.  208 
0.205 
0.20  3 
0.201 

0.211 

0.209 

0. 207 
0.205 

0.  215 

0.  213 

0.  212 

0.  210 

0.220 

0.  219 
0.218 

0.  217 

1x10* 

2 

3 

4 

5 

0.196 

0.185 

0.178 

0.173 

0.170 

Ol  196 
0.185 
0.178 

0.  173 

0.  170 

0.197 

0.185 

0.179 

0.  176 

0.  173 

0.200 

0.190 

0.186 

0.183 

0.181 

0.204 

0.197 

0.194 

0.193 

0.192 

0.  209 

0.  205 
0.203 

0.  202 

0.216 

0.  213 
0.212 

6 

7 

8 

9 

0.168 

0.166 

0.164 

0.163 

0.166 

0.164 

0.163 

0. 168 
0.167 
0.165 
0.164 

0.171 

0.170 

0.169 

0.168 

0.180 

0.  179 
0.179 
0.179 

0.192 

0.191 

lxlO5 

2 

3 

4 

5 

0.161 

0.152 

0.148 

0.  145 
0.143 

0.152 

0.  148 
0.145 
0.143 

0.161 

0.153 

0.  148 
0.145 
0.143 

0.162 

0.153 

0.149 

0.  146 
0.144 

0.162 

0.154 

0.150 

0.147 

0.145 

0.162 

0.155 

0.152 

0.150 

0.  148 

0.167 

0.163 

0.162 

0.162 

0.161 

0  178 
0.177 

6 

7 

8 

9 

0.  141 
0.140 
0.138 
0.137 

0.  141 
0.140 
0.138 
0.137 

0.142 

0.140 

0.139 

0.138 

0.143 

0.141 

0.141 

0.140 

0.144 

0.  143 

0.  143 
0.142 

0.  147 

0.  146 

0.145 

0.144 

0.160 

0.160 

0.160 

0.160 

lxlO6 

2 

3 

4 

5 

0.  136 
0.130 
0.127 

0.  124 
0.123 

0.136 

0.130 

0.127 

0.  124 
0.123 

0.137 

0.131 

0.127 

0.125 

0.124 

0.138 

0.133 

0.130 

0.129 

0.128 

0.139 

0.135 

0.134 

0.134 

0.133 

0.141 

0.139 

0.138 

0.144 

0.  143 
0.142 

0.159 

0.159 

0.158 

6 

7 

8 

9 

0.121 

0.  120 

0.  11.9 
0.118 

0.  121 
0.120 
0.119 
0.118 

0.123 

0.122 

0.121 

0.121 

0.128 

0.  127 
0.127 
0.127 

lxlO7 

2 

3 

4 

5 

0.118 

0.114 

0.111 

0.  109 

0.  108 

0.109 

0.  108 

0  111 
0.110 
0.109 

0.118 

0.114 

0.112 

0.111 

0.110 

0. 120 
0.116 

0. 127 
0.126 

6 

7 

8 

9 

0.  107 

0.  106 

0.  105 
0.104 

0.  104 

0.  107 
0.106 
0.105 
0.105 

0.108 

0.  107 

0. 106 
0.106 

0.109 

0.  108 
0.108 
0.107 

0.110 

0.109 

0.  109 
0.108 

lxlO8 

2 

3 

4 

5 

0.104 

0.  100 
0.0982 
0.0968 
0.0958 

0.100 

0.0982 

0.0968 

0.0958 

0  104 

0.  101 

0.0986 

0.0974 

0.0966 

0.104 

0.  102 
0.100 
0.0994 
0.0989 

0.105 

0.  103 
0.103 

0.  102 

0.106 

0.105 

0.108 

0.107 

6 

7 

8 

9 

0.0950 

0.0943 

0.0937 

0.0932 

0.0951 

0.0944 

0.0939 

0.0934 

0.0959* 

0.0954 

0.0949 

0.0946 

0.0986 

0.0984 

0.0982 

0.0981 

1x10** 

2 

3 

4 

5 

0.0927 

0.0899 

0.0883 

0.0872 

0.0864 

0.0930 

0.0906 

0.0893 

0.0885 

0.0880 

0.0943 

0.0927 

0.0920 

0.0917 

0.0916 

0.0980 

0.0977 

0.0976 

6 

7 

8 

9 

0.0857 

0.0851 

0.0846 

0.0842 

0.0876 

0.0873 

0.0870 

0.0869 

0.0915 

0.0915 

0.0915 

0.0914 

lxlO*0 

2 

3 

4 

5 

0.0838 

0.0814 

0.0861 

0.0792 

0.0785 

0.0867 

0.0862 

0.0660 

0.0914 

6 

7 

3 

9 

10 

0.  0779 
0.  0774 
0.  077  0 
0.  0767 
0. 0764 

0.0860 

0.0914 

0.0976 

0.  102 

0.105 

0.  107 

0.116 

0.  126 

| 0. 1 11 

0.  1  38 

0  142 

0.158 

0.  177 

0  191 

0  202 

0  212 

(  FROM  HANTUSH,  1959  ) 


79 


APPENDIX  E 
Values  of  D(u)q 


u 

u2 

D(u)q 

0.0500 

0.0025 

10.32 

0.0600 

0.0036 

8.468 

0.0700 

0.0049 

7.109 

0.0800 

0.0064 

6.130 

0.0900 

0.0081 

5.331 

0.1000 

0.010 

4.714 

0.1140 

0.013 

4.OO8 

0.1265 

0.016 

3.532 

0.1U4 

0.020 

3.079 

0.1581 

0.025 

2.657 

0.1732 

0.030 

2.354 

0.1871 

0.035 

2.109 

0.2000 

0.040 

1.943 

0.2236 

0.050 

1.658 

0.2449 

0.060 

1.441 

O.2646 

0.070 

1.282 

0.3000 

0.090 

1.049 

0.3317 

0.110 

0.8810 

0.3605 

0.130 

0.7598 

0.4000 

0.160 

0.6284 

0.4359 

0.190 

0.5324 

0.4796 

0.230 

0.43S4 

0.5291 

0.280 

0.3517 

0.5745 

0.330 

0.2895 

0.6164 

0.330 

0.2434 

0.6633 

0.440 

0.2008 

0.7071 

0.500 

0.1837 

0.7616 

0.580 

0.1345 

0.8124 

0.660 

0.1094 

0.8718 

0.760 

O.O864 

0.9436 

0.900 

0.0623 

1.0000 

1.000 

0.0507 

(  FROM  KNOWLES,  1955  ) 


APPENDIX  F 


Selected  Conversion  Factors  and  Constants 


1  millidarcy  =  0.0182  gpd/sq  ft  (for  water  at  68F) 

1  darcy  -  18.24  gpd/sq  ft  (for  water  at  68F ) 

1  inch  of  mercury  *  1.13  feet  of  water 
1  cfs  *  449  gpm 

1  sec2/ft^  *  2.02  x  10^(ft/gpm2) 

1  gpd  *  6.95  x  10”^gpra 
1  mgd  -  695  gpm 
1  mgd  *  1.54  cfs 
1  cfs  *  6.46  x  lO^gpd 
1  sq  mi  a  2.79  x  10?  sq  ft 

1  inch  of  water  over  1  sq  mi  “  1.74  x  10?  gals 
1  inch  of  water  over  1  sq  mi  per  year  ■  4.77  x  104  gpd 

1  acre  *  43,560  sq  ft 
1  sq  mi  =  640  acres 
1  cu  ft  3  7.4$  gals 
1  gal  «  1.34  x  10”1  cu  ft 
1  ft  water  ■  0.4335  lb/sq  in. 

1  day  =  1.44  x  103  min 

specific  weight  of  water  °  62.4  lb/cu  ft 
reciprocal  of  bulk  modulus  of 

elasticity  of  water  3  3.3  x  10”^  sq  in. /lb 
1  ft  per  mi  *  1.89  x  10”^  ft  per  ft 
1  gal  lift  1  foot  -  3.15  x  10"6  kwh 
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PLATE  3.  NONLEAKY  ARTESIAN  TYPE  CURVE 


